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The editors would like to dedicate this book
to the memory of Dr. Keith L. Parker. Keith,
whom many in the field of Endocrinology
knew, respected, admired and loved, who
passed away much too prematurely on
December 13, 2008 at the age of 54. Keith
was born in St. Louis, Missouri where he
attended school through his high school
years. He then enrolled at Williams College
in Massachusetts and, while there, was
elected to the Phi Beta Kappa honor
society. From there Keith went to Wash-
ington University in St. Louis where he
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Fellowship in Genetics at Harvard Medical
School. Upon leaving Harvard in 1986 he
accepted his first position at Duke University
Medical Center where he was also a How-
ard Hughes Investigator. Keith returned to
Dallas in 1996 where he was the J. D. and
Maggie E. Wilson Distinguished Professor
in Biomedical Research at the University
of Texas Southwestern Medical Center and
remained at UTSW until his untimely death.



Keith was a scholar's scholar. He is best
known for his pioneering work on SF1 that
provided important and most interesting
insight into the many facets of this indispens-
able transcription factor. The editors are
especially indebted to Keith for his superb
collaborations with us during the early
stages of our own studies on steroidogenic
acute regulatory protein (StAR). Keith's
laboratory constructed the StAR knockout in
mice, creating a model that was instrumen-
tal in corroborating the observations made
on lipoid congenital adrenal hyperplasia in
humans. He also contributed greatly to our
understanding of the complexity with which
the StAR gene is regulated. Keith will always
be remembered for his brilliance, passion
for science, generosity, humility, patience,
humor and camaraderie. He was a true
friend to many and is sorely missed to this
day by all who knew him. We simply could
not think of anyone who was more deserving
of this dedication and hope that Keith will
smile down upon us when he reads this.



Preface

It has been remarkable and rewarding to follow the explosion of work on the ste-
roidogenic acute regulatory protein (StAR) and the classification of a new super-
family of proteins based on a shared StAR-related lipid-transfer (START) domain.
Over the past 2 decades more than 1700 articles are tagged using “steroidogenic
acute regulatory” as a search term in PubMed. This search captures articles on all
START domain proteins, although the majority of the articles are on the expression,
regulation and function of the STARDI subfamily (StAR and STARD3/MLN64)
with the cholesterol-binding START domain proteins of the STARD4 subfamily
(STARD4/5/6) gaining attention. With 2014 being the 20th anniversary of the first
report on StAR, our goals for this book are to present a compendium of the history
and the current research on the STARD1 and STARD4 subfamily. Each chapter
begins with a personal perspective of the discovery-to-publication journey that the
authors had for the particular START domain family member that their laboratory
identified or provided studies that quickly and significantly advanced our under-
standing of the function of these cholesterol transporters. One purpose for this un-
orthodox format for the scientific review articles herein is to give graduate students,
post-doctoral fellows and endocrinology fellows a small glimpse of the research
discovery process. We found the theme of collaboration and building upon previous
great works is common to all stories.
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Chapter 1

An Introduction to the Steroidogenic Acute
Regulatory Protein (StAR)-Related Lipid
Transfer Domain Protein Family

Barbara J. Clark and Douglas M. Stocco

Abstract The steroidogenic acute regulatory protein (StAR)-related lipid trans-
fer (START) domain superfamily comprises a diverse group of proteins that bind
hydrophobic lipids. The distinguishing feature shared by all members of this family
is an o/p helix-grip fold structure containing a long hydrophobic pocket for ligand
binding. The mammalian START domain protein family is grouped into 6 subfami-
lies that bind either cholesterol and oxysterols (STARD1/D3 and STARD4 sub-
families) or phospholipids and sphingolipids (STARD2/D11 subfamily), or have
putative functions in Rho-GTPase signaling (STARDS/12/13 subfamily), thioes-
terase activity (STARD14/15 subfamily), or kinesin motor activity (STARD?9).
StAR (STARDI) is the namesake of the START domain protein family and has a
well-established function in cholesterol transport in the adrenal and gonads for ste-
roid hormone biosynthesis. Some of the mammalian START family members, e.g.,
STARDI1, STARDI1, and STARD?2 are well characterized for their roles in choles-
terol, ceramide, and phosphatidylcholine transfer, respectively, while much remains
to be learned about the remaining family members. The purpose of this book is to
present a compendium of the history of the discovery and the characterization of the
mammalian START proteins, encompassing the seminal work over the past 50 years
that has led to our current understanding of these lipid transport proteins. The chap-
ters in this book focus on members of the STARD1/3 and STARD4 subfamilies,
which have established roles involved in cholesterol and sterol trafficking. Each
chapter provides a personal perspective of the discovery-to-publication journey for
work on a START domain family member by authors whose work was instrumental
in their discovery and characterization. This introductory chapter provides a brief
overview and background on all members of the mammalian START protein family
to provide a complete picture of this family of lipid transport proteins.

B. J. Clark, Ph.D. (D<)

Department of Biochemistry & Molecular Biology, University of Louisville,
Louisville, KY 40292 USA

e-mail: bjclark@louisville.edu
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Abbreviations

ACAT acyl-CoA:cholesterol acyl transferase
ACOT acyl-CoA thioesterase

BFIT? brown fat-inducible thioesterase-2

CDCA chenodeoxycholic acid

CERT ceramide transfer protein

COL4A3BP  collagen type IV alpha 3 binding protein
DLC deleted in liver cancer

FFAT peptide EFFDAXE

FHA forkhead-associated phosphopeptide binding domain
MENTAL MLNG64-N terminal domain

MLN64 metastatic axillary lymph node 64 kDa protein
NPC Niemann —Pick type C disease

PC phosphatidylcholine

PCTP phosphatidylcholine transfer protein

PH pleckstrin homology domain

SAM sterile alpha domain

SREBP-2 sterol regulatory element binding protein-2
StAR steroidogenic acute regulatory protein
START StAR-related lipid transfer domain
Introduction

The StAR-related lipid transfer domain, abbreviated START, was first described
by Ponting and Aravind [1] as a region of sequence similarity shared between a rat
RhoGAP protein, plant Gla2 family members, mouse and human StAR, and bovine
phosphatidylcholine transfer protein. Thus, the START domain was identified as a
result of the testing of Web-based resources for the predictive value in identifying
putative functional domains based on primary sequence data. The START domain
is approximately 210 amino acids long and a distinguishing feature of this domain
is the 3-D o/f helix-grip-fold structure defined by an antiparallel B-sheet flanked
by amino- and carboxyl-terminal alpha helices [2]. The o/f helix-grip fold of the
START domain proteins forms a U-shaped hydrophobic cleft that binds the ligand
with the carboxyl-terminal alpha helix serving as a “cap” over the ligand binding
cleft. Lipid access to the hydrophobic binding pocket requires a conformational
change in the START domain and movement of the C-terminal helix [3, 4]. The he-
lix-grip fold is used to define a large superfamily of proteins that bind hydrophobic
lipids, classified as the SRPBCC! protein superfamily on NCBI’s conserved domain
database [5].

' NCBI c114643: SRPBCC is the START/RHO alpha C/PITP/Bet v1/CoxG/CalC
superfamily. Rho alpha C, the C-terminal catalytic domains of the alpha oxygen-
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START domains have been identified in plant, bacteria, protist, and animal ge-
nomes, with protein expression confirmed only in plant and animal species. Eighty
percent of the START family is within the plant genome, in proteins that contain a
homeodomain, suggesting a role in transcription [6]. Indeed, it is common to find
START domains as part of multi-domain proteins that provide additional functions
such as protein localization, enzymatic activity, or signaling [1, 2].

The mammalian START domain protein family is divided into six subfamilies
based on sequence similarities [1, 7] (Table 1.1). In total, there are 15 members of
the mammalian START protein family. Members of each subfamily share either
similar ligand binding specificities or functional domains other than the START do-
main, such as the cholesterol and oxysterol binding proteins of the STARD1/D3 and
STARD4/D5/D6 subfamilies, the phospholipid and sphingolipid binding proteins of
the STARD2(PCTP)/D7/D10/D11 subfamily, the multi-domain proteins containing
either putative Rho-GTPase signaling function of the STARDS8/12/13 subfamily,
thioesterase activity of the STARD14/15 subfamily, or kinesin motor function for
STARD?Y. The first crystal structures for the START domains were reported for two
mammalian START proteins, human STARD3/MLN64 and mouse STARD4 [8, 9].
Crystal structures for the START domains of hSTARD1, mSTARD4, hSTARDS,
hSTARD2/PCTP, STARD11/CERT, hSTARD13, and hSTARD14 confirm the basic
3-D helix-grip fold structure across the five mammalian subfamilies [10—13]. One-
third of the mammalian START domain proteins belong to the STARD1/D3 and
STARD4 subfamilies and function to bind and transport cholesterol.

A brief background on the mammalian START domain family members is pro-
vided to complete the picture on these important lipid transporters (reviewed in
[14, 15]). The remaining chapters of this book provide more detail on the regulation
and function of members of the STARD1/D3 and STARD4 subfamilies.

The STARD1/STARD3 Subfamily

The STARD1 subfamily has two members, StAR (STARD1)and MLN64 (STARD?3).
StAR is the namesake of the START domain protein family and the deduced pri-
mary amino acid sequence was submitted to the NCBI database in November 1994
[16]. Shortly thereafter, a newly cloned and uncharacterized transcript from breast
cancer, MLN64, was identified using differential screening of a complementary
deoxyribonucleic acid (cDNA) library for amplified products in breast cancer-
derived metastatic axillary lymph nodes (MLN). Protein database searches iden-
tified a domain within MLN64 that shared 33 % sequence identity and 53 % se-
quence similarity with the human StAR START domain [17, 18]. The significance

ase subunit of Rieske-type non-heme iron aromatic ring-hydroxylating oxygenases;
PIPT, phosphatidylinositol transfer proteins; Bet v 1, the major pollen allergen of
white birch, Betula verrucosa; CoxG, carbon monoxide dehydrogenase subunit G
(gram-negative bacteria); CalC, and related proteins.
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of the START domain in MLN64 suggested a function in cholesterol binding and/
or trafficking. Overall, the two members of the STARD1/D3 subfamily are similar
in that the START domain for both proteins binds only cholesterol and additional
sequences or domains localize the proteins to specific subcellular compartments.
The differential subcellular localization of these START proteins suggests different
functions in cholesterol trafficking (Table 1.1). First, StAR regulates cholesterol
transfer into mitochondria and controls steroid hormone biosynthesis in the adrenal
and gonads (reviewed in [19]). It is a nuclear-encoded protein that is synthesized in
the cytosol as a 37 kDa precursor protein with an N-terminal mitochondria target-
ing sequence that directs the protein to the mitochondria. Mitochondrial import and
processing of the precursor produces a 32 kDa intermediate product and a mature
30 kDa form that is localized within the matrix. The history and regulation of StAR
in steroidogenic tissues is the topic for Chap. 2 while START domain structure and
current models for cholesterol transport by StAR are the topics for Chaps. 3 and 4,
respectively. Early studies indicated that StAR could transport cholesterol across
mitochondrial membranes in many cell types, suggesting that StAR may function
outside of steroidogenic tissues [20]. The action of StAR in non-steroidogenic cells
is the topic for Chap. 5.

STARD3/MLNG64 is a transmembrane protein that is targeted to the late endo-
somes. The location of STARD3/MLN64 to late endosomes led to studies on its po-
tential role in Niemann Pick type C (NPC) disease, a lipid storage disorder caused
by mutations in genes encoding either NPC1 or NPC2 that result in accumulation
of cholesterol in lysosomes (reviewed in [21]). STARD3/MLN64 may function to
shuttle cholesterol from NPCI to a cytosolic acceptor protein or to an adjacent
membrane [22-25]. STARD3 expression and function is the topic for Chap. 6.

The STARD4 Subfamily

STARD4 was first described as part of a gene set that was downregulated in mouse
liver as a consequence of a high cholesterol diet. Five of the six genes that were
identified with >2-fold decreased expression after high cholesterol diet were estab-
lished cholesterol-regulated genes, and one was an uncharacterized EST (expressed
sequence tag; [7]). Subsequent sequence and cloning studies confirmed that the
EST was part of a transcript that contained a START domain; in fact the deduced
amino acid sequence of the open reading frame encoded a protein of 224 amino
acids composed entirely of the START domain. This EST was named STARDA4.
Fifteen START domain-containing genes were identified in the human genome,
12 of which were previously characterized and two that were uncharacterized yet
had 26-32 % sequence identity with STARDA4. Based on the high sequence identity
with STARDA4, these genes were named sequentially STARDS and STARD6 and
formed the three members of the STARD4 subfamily [7]. The STARD4 family
members represent ~22 kDa soluble proteins with no membrane targeting/associa-
tion predicted (Table 1.1). STARD4 and STARDS transcripts are abundant in liver
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and kidney tissues. In the liver, STARD4 is found in the hepatocytes and Kupffer
cells, the macrophages of the liver, while STARDYS is detected only in Kupffer cells.
In kidney, both STARD4 and STARDS protein are present in the proximal tubules
[26].

STARD4 binds only cholesterol with a proposed biological role for STARD4
in regulating cholesterol sensing by the endoplasmic reticulum and cholesterol es-
ter synthesis [27-29]. STARDS binds primary bile acids, specifically chenodeoxy-
cholic acid, with high affinity [30]. The fact that STARDS is a bile acid binding/
transporting START protein was a surprise to the field given that initial reports
suggested cholesterol and 25-hydroxycholesterol were the ligands for STARDS
[7,27,29,31]. The potential biological functions for StARDS appear to be different
from those of STARDA4, in that STARDS expression is not linked to increased cho-
lesterol ester levels but rather to increased free cholesterol levels [26, 29, 31, 32].
It remains to be determined whether STARDS plays a role in cholesterol homeo-
stasis, yet it is clear that both direct and indirect mechanisms should be explored.
For example, STARDS may modulate the activity of the bile acid-activated nuclear
receptor farnesol-X-receptor (FXR) by either promoting or blocking ligand bind-
ing. FXR controls expression of genes involved in cholesterol, bile acid, and lipid
homeostasis, thus, STARDS could potentially indirectly regulate FXR-dependent
signaling. Chapters 7 and 8 present the seminal work on STARD4 and STARDS
expression, regulation, and function, and explores further the current questions on
the role of STARDS in cholesterol homeostasis.

STARDG is expressed in mouse testis, specifically in the germ cells with highest
expression in round spermatids [7, 33]. The function of STARDG in spermatogene-
sis is not known, although it may play a role in mitochondrial NADH-dependent de-
hydrogenase activity (diaphorase) associated with sperm motility and quality [34].

The STARD2/Phosphatidylcholine Transfer Protein
(PCTP) Subfamily

STARD2, STARD?7, and STARD10 all bind phosphatidylcholine (PC) with STARD2
being the best characterized PC transporter [12]. The early work on STARD?2, also
named phosphatidylcholine transfer protein (PCTP), tested its effect on PC trans-
port in the liver and lung, reasoning that the protein is highly expressed in these
tissues where PC is a major phospholipid in bile and lung surfactant [35]. The direct
test was to generate mice deficient in STARD2/PCTP (Pctp—/—) and measure PC in
the bile and lung surfactant [35]. The unpredicted result was the Pctp—/— mice have
the same bile or lung surfactant PC content as their wild-type counterparts. How-
ever, the investigators continued to characterize these mice and made an interesting
observation that fasting serum glucose and free fatty acids levels were significant-
ly decreased in Pctp—/— mice [36]. Similarly, inhibiting PC binding to STARD2/
PCTP in wild-type mice decreased the effects of a high fat diet on serum glucose
levels [37]. Blocking STARD2/PCTP action, i.e., PC binding in cultured human
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hepatocytes activated the insulin signaling pathway [37]. Therefore, it appears that
STARD2/PCTP functions in the liver to suppress insulin sensitivity. This unpre-
dicted role for STARD2 opens new possibilities for targeting STARD? in treatment
of diabetes. Future studies are necessary to determine the mechanism for STARD2/
PCTP action in liver glucose metabolism.

STARD?7 also binds PC specifically and shares 25% sequence identity with
STARD2/PCTP [38, 39]. The protein has been detected in lung, colon, and liver
cancer cell lines [38], and therefore, has tissue overlap with STARD2. A STARD7
variant, STARD7-1, with an amino terminal mitochondrial targeting sequence has
been associated with increased mitochondrial PC levels when overexpressed in a
cultured mouse hepatoma cell line [39]. Both cytosolic and mitochondrial local-
ization of endogenous STARD7-I in liver cells and tissue has been demonstrated,
consistent with the increased PC levels in mitochondria with overexpression of the
protein. Currently, it is proposed that STARD7 may play a role in mitochondrial
biogenesis, yet this has not been directly addressed [39].

STARDI10 expression has been reported in mouse testicular germ cells, liver,
intestine, and human mammary tissue [40—42]. PC and phosphatidylethanolamine
both bind STARD10 although PC binds with greater affinity [40, 43]. The PC trans-
fer activity of STARD10 appears to be regulated by posttranslational modification;
phosphorylation of STARD10 decreases membrane association and PC extraction
[44]. A putative role in breast cancer has been proposed with STARD10 functioning
within the ErbB2/HER2/neu receptor signaling pathway, although the coordinated
expression of STARD10 and HER2/neu in breast tumors may not be directly as-
sociated [40, 45]. Additionally, loss of STARD10 expression was found to be an
independent marker for poor patient outcome and may be used to identify a spe-
cific subgroup of patients at high risk [45]. Presently, the function of STARD10 in
mammary tissues is not defined so the question remains whether it contributes to
the anti- or pro-oncogenic breast tumor phenotype. The newly described Stard10
knockout mice (Stard107") may serve as a good model to address this question
directly [42]. Interestingly, characterization of the Stard10~~ mice provided some
unexpected results; the levels of PC in the liver and bile were not different between
the wild-type and the Stard10™~ mice, rather the major disorder was in bile acid
metabolism with an increase in biliary secretion of conjugated bile acids. Much
of the change in bile acid metabolism is attributed to the peroxisome proliferator-
activated receptor-alpha (PPARa)-mediated changes in gene expression in the liver
and intestine [42].

STARDI11 is more commonly referred to as CERT, for ceramide transport pro-
tein. STARD11/CERT is responsible for the movement of ceramide from the ER
to the Golgi membrane [46]. CERT is a multi-domain protein containing an amino
terminal pleckstrin homology domain (PH), a FFAT motif, and carboxyl-terminal
START domain. The domain structure of CERT orients the protein between ER and
Golgi membranes; the PH domain binds to the phosphoinositide PI4P in the Golgi
membrane and the FFAT motif binds to a vesicle-associated membrane protein-
associated protein (VAP), an integral ER membrane protein. This orientation of the
protein models the START domain in close proximity to both membranes so that
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association with the ER extracts ceramide from the membrane and association with
the Golgi promotes ceramide absorption by the membrane [10, 11, 47]. Within this
subfamily, STARD2/PCTP and STARD11/CERT have been studied in greater detail
and there are several reviews on their potential functions [47-50].

The STARDS8/12/13 Subfamily

The members of this subfamily contain a sterile alpha motif [13], a serine-rich re-
gion, a RhoGAP domain, and a START domain that make this subfamily the most
complex in terms of domain structure ([13] Table 1.1). STARDI12, the first member
identified within this family, is contained in a genomic region that is associated
with loss of heterozygosity in several cancers, hence, members of this subfamily
are also referred to as the deleted in /iver cancer (DLC) family of proteins [51].
STARD12/DLC-1, STARD13/DLC-2 and STARDS/DLC-3 all function as tumor
suppressors based on studies that showed increased apoptosis and decreased cell
growth in several cancer cell lines after re-expression of one of the proteins [52, 53].
The basis for the tumor suppressor function is not known, yet the multi-domain
nature of these proteins and the subcellular localization provide clues to function
and suggest a potential for integrated functions. For example, imaging studies in
live cells have shown that the STARD12/13/8 proteins are present at the plasma
membrane, at regions associated with cytoskeletal proteins (focal adhesions) and
lipid rafts enriched in cholesterol and sphingolipid [54, 55]. The lipid that binds
the START domain in this family has not been determined, although the crystal
structure for STARD13/DLC-2 predicts the ligand binding pocket would accom-
modate a charged lipid rather than cholesterol or a phospholipid [13]. The location
of these proteins at the plasma membrane leads to speculation that ligand binding
in the START domain may regulate the RhoGAP function, thereby controlling Rho
signaling and cell proliferation [55, 56].

The STARD14/15 Subfamily

STARD14 and STARDIS5 contain an ACOT (acyl-coenzyme A thioesterase) do-
main in addition to the START domain and functions in the hydrolysis of coenzyme
A [57] from activated fatty acids and acetyl-CoA [58, 59]. Human STARD14 is the
ortholog of the mouse brown fat-inducible thioesterase (mBFIT2; [60] Table 1.1)
and its expression is associated with increased metabolic activity. STARD15/
ACOT12 is a cytosolic acetyl-CoA thioesterase (hydrolase) that is highly expressed
in liver [61-63]. The crystal structure for the START domain of STARD14 predicts
[13] a fatty acid would fill the ligand-binding cavity. Although neither the ligand
nor role of the START domain is known for this subfamily, the evolution of the two
domain structure would indicate a convergence of purpose. One model is that fatty
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acid binding in the START domain regulates the thioesterase activity, similar to
that proposed for the START domain-RhoGAP interaction of the STARDS&/12/13
subfamily.

The STARD9 Subfamily

The STARDY subfamily contains a single member which has an amino-to-carboxy
terminal multi-domain structure composed of a kinesin motor domain, a forkhead-
associated phosphopeptide binding domain (FHA) and the START domain [7, 64,
65]. The STARD?Y kinesin and FHA domains have sequence similarity (~50 % iden-
tity) to the kinesin-3 family members KIF16B and KIF1A. STARDY was identified
as a protein that associated with mitotic microtubules and the amino terminal kinesin
domain of STARD? is active for microtubule binding and adenosine triphosphate
(ATP) hydrolysis, supporting STARD9 functions as a kinesin motor protein. Small
interfering ribonucleic acid (siRNA) depletion of STARDO in several cancer cell
lines revealed the protein is important for microtubule spindle assembly and mi-
tosis; loss of STARDY resulted in increased mitotic arrest and increased apoptosis
[66]. The loss of STARDO also enhanced the sensitivity of the cells to anti-mitotic
cancer drugs, implicating STARD9 as a putative novel target for cancer treatment.
However, both the identity of the lipid bound by the START domain and the func-
tion of lipid binding for STARDY function remains to be determined.

Summary

The START domain family is composed of lipid transport proteins that function in
the non-vesicular trafficking of sterols and phospho/sphingolipids. The STARD1/
D3 subfamily members are established cholesterol binding/transport proteins, yet
defining the mechanisms of sterol transport for these proteins remains a current
challenge. StAR, the START protein family namesake, regulates cholesterol trans-
port across mitochondrial membranes for steroid hormone synthesis and defining
the mechanism(s) for StAR-dependent cholesterol transport has been investigated
using both structural and functional approaches. Current models for mitochondrial
cholesterol transport by StAR are presented in Chaps. 3 and 4 while the potential
for an expanded role for StAR in non-steroidogenic tissues is presented in Chap. 5.
STARD3 is a membrane protein localized to the late endosome and has a putative
role in shuttling cholesterol derived from exogenous sources to cytosolic choles-
terol carriers for subsequent cellular distribution. Chapter 6 provides the discovery-
to-current models for function journey for STARD3.

The tissue distribution profiles, gene regulation, and ligand specificities sug-
gest unique functions for the STARD4 family members. As soluble lipid transport
proteins, this subfamily is proposed to participate in the non-vesicular trafficking of
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cholesterol between biological membranes to help maintain the proper cholesterol:
phospholipid:sphingolipid distribution (reviewed in [67, 68]). Most of the work re-
ported has been on STARD4 and the regulation and function of STARD4 is the topic
for Chaps. 7 and 8 while a general overview of non-vesicular cholesterol trafficking
and the role of the STARD4 subfamily in this process is the topic for Chap. 8.

Functions described for members of the remaining START subfamilies reveal
a very diverse role for this family of proteins. The knockout mouse models for
members of the STARD2 phospholipid/sphingolipid binding proteins have pro-
vided unexpected and interesting results that indicate potential broad applications
for this subfamily in regulating glucose metabolism in diabetes (STARD2), tumor
proliferation in cancer (STARD7/10), bile acid metabolism in the liver and intes-
tine (STARD10), and ceramide transfer from the ER to the Golgi membrane for
sphingolipid synthesis (STARD11/CERT). Although PC phospholipid metabolism
or trafficking appears to be normal in the absence of STARD2 or STARDI10, a re-
maining question is whether lipid binding to the START domain impacts the func-
tion of these proteins. The lipid specificity for the remaining START proteins in
the RhoGAP multi-domain subfamily, the thioesterase subfamily, and the STARD9
subfamily has not been determined. The RhoGAP multidomain START proteins
are defined by their loss in cancer and can function as tumor suppressors although
this function is attributed to the RhoGAP domain. The thioesterase START protein
subfamily functions in fatty acid hydrolysis while STARD9 binds to centromeres
and is important for mitotic spindle formation, again both functions attributed to
other domains within the proteins. It is plausible to predict that lipid binding in the
START domains will regulate the described function for these proteins, and testing
this prediction will require identifying the lipid ligands.

Lastly, as disease states can provide significant insight into biological function,
START protein expression and function should be considered when examining dis-
orders that involve dyslipidemia and inflammation. Since dyslipidemia and inflam-
mation are common to obesity, diabetes, coronary heart disease, and cancer, there is
much to be learned about this family of lipid transport proteins.
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Chapter 2
The Steroidogenic Acute Regulatory
Protein (StAR)

Barbara J. Clark and Douglas M. Stocco

Abstract StAR, the Steroidogenic Acute Regulatory protein, was named for its
critical role in the acute regulation of steroid hormone biosynthesis in the adrenal
and gonads following tropic hormone stimulation. StAR synthesis is required for
the first and rate-limiting step in steroid hormone biosynthesis, cholesterol trans-
port into mitochondria. It was a long journey to finding the acute regulator of ste-
roidogenesis, and this chapter provides a historical and personal account of this
journey from the perspective of Dr. Douglas M. Stocco. Over the past two decades,
we have gained significant insight into the mechanisms that regulate StAR expres-
sion, and into StAR structure and function. This chapter also provides a summary
of the literature that has led to our current understanding of the cyclic adenosine-
3',5'-monophosphate (cAMP)-protein kinase A-dependent mechanisms that control
StAR expression at the transcriptional and post-transcriptional levels in steroido-
genic tissues.
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CCAAT enhancer-binding protein-beta

chicken ovalbumin upstream promoter transcription factor I
and II

cyclic-AMP responsive element-binding protein
CREB modulator protein

corticotropin hormone

diacylglycerol

dosage sensitive sex reversal-adrenal hypoplasia congenital
gene on the X chromosome gene 1

endoplasmic reticulum

follicule stimulating hormone
gonadotropin-releasing hormone
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nerve growth factor induced-B
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steroidogenic factor 1

steroidogenic acute regulatory protein
StAR-related lipid transfer domain

18 kDa translocator protein

transcription start site

untranslated region

voltage-dependent anion channel

StAR Perspectives: A History of the Discovery of StAR
by Douglas M. Stocco

I would first of all like to point out that this narrative is being written from strictly
a personal viewpoint. I cannot speak for what others were thinking during the past
two to three decades with regards to the search for the putative regulator of acute
steroidogenesis, so I will not try to do so. I came into the search for this regulator
from a rather circuitous route and I will try to provide you with the events of how
that took place in our laboratory. As such, I hope that you will understand that my
position is certainly not to slight the accomplishments of others but merely to point
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out that I am not speaking for the entire field, but rather, only for myself and the
members of our laboratory.

Some of the first observations on the production of steroids in response to tro-
phic hormone treatment occurred in the laboratory of Oscar Hechter who studied
the production of steroids in response to ACTH stimulation in perfused adrenal
glands [1-4]. Following those early observations, James Ferguson’s laboratory be-
came engaged in similar studies [5, 6] and wrote in an article in The Journal of
Biological Chemistry in 1963 “of the several possible explanations for the observed
effects of puromycin, the most provocative, but the most difficult to prove is the
idea that a specific protein must be synthesized in order for the adrenal to increase
steroid output.” It was these words that seemed to sum up the problem at hand in un-
derstanding how the acute biosynthesis of steroids was regulated. Between Fergu-
son’s early experiments and observations and those that followed by Garren [7-9];
Davis [10, 11]; Hall [12—15]; Brownie [16, 17]; Jefcoate [18-21]; Farese [22-26];
Boyd [27-31]; Koritz [32, 33]; Cooke [34-37]; and others, a generalized descrip-
tion of the characteristics of the protein predicted by Ferguson began to arise. It
was thought that the putative protein was a trophic hormone-induced, rapidly syn-
thesized, cycloheximide-sensitive protein that had a short half life and was thought
to function by mediating the transfer of the substrate for all steroid hormones, cho-
lesterol, from the outer to the inner mitochondrial membrane where it would be
converted to pregnenolone by the cholesterol side-chain cleavage enzyme system
that resided in the mitochondria.

Personally, I was not trained in the field of steroidogenesis nor was I trained in
reproductive biology, but would soon have to learn something about both of these
disciplines. I began working in the field of reproductive biology while engaging
in collaborative studies with my colleague, Jim Hutson. Together, Jim and I were
able to secure funding from the National Institutes of Health (NIH) and National
Science Foundation (NSF), something that I had not been able to do on my own. I
was interested in mitochondrial biogenesis but had difficulty in convincing the NIH
of the virtues of studying how this fascinating organelle replicated itself in cells. In
reading the literature on adrenal and gonadal steroidogenesis, I learned that a key
step in the biosynthesis of steroids occurred in the mitochondria. In reading the
works of those individuals named above, I thought that I might be able to parlay
my keen interest in mitochondria into a new direction in which I might have better
luck. During the course of my reading, I learned that new protein synthesis played
a very important role in the regulation of the biosynthesis of steroids and that mi-
tochondria were intimately involved in this regulation as well. I also learned that a
number of investigators had sought this putative newly synthesized regulator, but
that no definitive proof of its identity existed. Having run many 1-D electrophoresis
gels and staining them with coomassie blue, I felt that finding a protein that might
be present in trace amounts probably could not be done using this technology. An
approach that would separate proteins to a greater extent and utilized a more sen-
sitive detection method would probably be needed if the identity of this protein
were to be uncovered. This approach had yielded positive results in studies by Nan
Orme-Johnson and her colleagues who demonstrated the rapid synthesis of a series
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of phosphoproteins in response to ACTH stimulation of adrenal cells in culture by
labeling the cells with 33S-methionine and separating them on 2-D polyacrylamide
gel electrophoresis (PAGE) [38—45]. This turned out to be the first demonstration
of the protein that was later cloned in our laboratory, but I must sadly admit to not
being aware of her elegant work at the beginning of my own work.

At about the time when I was planning to work on this project, I wondered if
it would it be possible to use 2-D PAGE followed by sensitive silver staining to
demonstrate the presence of proteins in stimulated steroidogenic cells that were
not present in unstimulated cells, and thus give us a clue to the identity of the pu-
tative regulatory protein. We began these studies in my laboratory using primary
cultures of rat Leydig cells that we isolated using commonly accepted methods.
A great number of protein “spots” were detected on the gels and we attempted to
search for differences between unstimulated and stimulated cells that would ap-
pear rapidly and be consistently reproducible. This, we were unable to do, despite
many attempts. While we thought we had candidate proteins, our results were not
consistent, and obtaining sufficient numbers of Leydig cells was proving to be time-
consuming and costly.

In 1981, Mario Ascoli published a manuscript in which he described the isolation
of several clonal lines of Leydig cells from the M5480P tumor [46]. One of these
lines, the MA-10 cell line had functional hormone/chorionic gonadotropin (hCG)
receptors and produced copious amounts of steroid in response to hCG, cholera
toxin, and 8-Br-cAMP. This cell line seemed to be an ideal tool with which to con-
tinue our studies on the search for the regulator. Mario was most generous in sharing
this cell line with us and we began to shift our efforts from primary cells to Leydig
tumor cells. We found that the cells grew well in our hands and produced high levels
of progesterone (due to a lack of cytochrome P450 17A1, CYP17AL1) in response to
stimulation. We also saw that they synthesized very low basal amounts of steroid in
the absence of stimulation, another perceived advantage for us since the acute regu-
lator may be present in small amounts without stimulation and in high amounts fol-
lowing stimulation. We reasoned that this might allow us to see differences between
unstimulated and stimulated cells more clearly. We began these studies still utiliz-
ing 2-D PAGE and silver staining but the results we obtained remained equivocal
and unsatisfactory, not allowing us to make any definitive statements concerning a
potential acute regulator. We decided to shift from the use of silver staining to auto-
radiography as a detection method with the rationale that the putative regulator was
newly synthesized and therefore may be radiolabeled to a higher degree than other
proteins following stimulation. We tried labeling the cells first using a *H-amino
acid mixture and then '*C-leucine. Again, these approaches were not satisfactory.
It was around that time that [ became aware of the Orme-Johnson approach and we
decided to utilize incubation in 3*S-methionine as a labeling procedure. It did not
take too long to observe in stimulated MA-10 cells the proteins that we referred
to as the 30 kDa proteins and which were, in all probability, identical to the pro-
teins that Orme-Johnson had seen earlier in cultured adrenal cells. In the middle
of these studies, I took a sabbatical leave in Holland in 1986 and joined Henk van
der Molen’s group at Erasmus University in Rotterdam. I did not work on the acute
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Fig. 2.1 Detection of the 30 kDa StAR protein by **S-methionine labeling and 2-D-PAGE. MA-10
mouse Leydig tumor cells were treated for 6 h with serum-free media containing *S-methio-
nine in the absence (control) or presence of the cAMP analog dibutryl-cAMP (Bt,cAMP, I mM).
Mitochondria were isolated and the proteins separated by 2-D-SDS-PAGE. Shown are typical
fluorograms of radiolabeled “spots on a gel” from this type of experiment. The arrows labeled
1—4 indicate the position of the StAR spots. The 30 kDa protein spots 1-4 appeared after cAMP
treatment and correlated with steroid output (see text). Treatment of the isolated mitochondria with
alkaline phosphatase (AP) resulted in loss of proteins 3 and 4 and recovery of radiolabel in protein
spots 1 and 2. These data support that StAR is a phosphoprotein. Western blot analysis was used
and confirmed that the protein spots 1-4 were StAR protein. St4AR steroidogenic acute regulatory
protein, cAMP cyclic adenosine-3',5'-monophosphate

regulator while in Holland but did manage to learn a lot about male reproduction
as the entire group in Rotterdam focused on this topic. I worked most closely with
Focko Rommerts who had a great deal of experience in steroidogenesis and was
quite familiar with the problem that I was trying to solve. We had many discussions
concerning this topic and readily agreed that this was a difficult problem and that I
would probably not be successful in solving it.

Upon returning to Texas, I began to work on the acute regulator once again. Our
methodological approach was working well and we were readily able to reproduce
the appearance of the 30 kDa proteins on 2-D gels and because of the purchase of a
new computer-assisted imaging system, we were also able to accurately quantitate
the proteins under many differing experimental conditions. We used this approach
to do a series of experiments over the next several years to demonstrate that the
30 kDa proteins were induced by trophic hormone and cAMP analog, were rapidly
synthesized in response to stimulation, were cycloheximide sensitive, were dose
and time responsive to stimulation, and were localized to the mitochondria, the site
of the regulated step [47-52] (Fig. 2.1). We also learned, at about the same time
that the Orme-Johnson laboratory did, that the 30 kDa proteins were derived from
a larger 37 kDa precursor much the same as many other mitochondrial proteins are
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derived, having an N-terminal targeting sequence that was removed during import
into the mitochondria [39, 52]. All of the experiments that we performed were sup-
portive of the idea that these proteins might be involved in the acute regulation of
steroidogenesis, but as I was so abruptly reminded by a colleague upon giving a
talk at the European Testis Workshop one year, “yes Doug, but they are just spots.”
Of course, we understood that correlations do not provide proof of anything and
that we needed a cause and effect relationship between the 30 kDa mitochondrial
proteins and steroid synthesis in order to convince anyone that these proteins were
involved in the acute regulation of steroid biosynthesis. It was clear that running
a hundred or a thousand more 2-D gels that supported our hypothesis would not
provide the proof we needed, so we began to think about cloning the complemen-
tary deoxyribonucleic acid (cDNA) for this protein. I say this protein because at
this time, we knew that while there were 4, 30 kDa “spots” on the gels, these spots
were in fact modifications of the same protein and thus were one gene product. This
would ostensibly make our task a bit easier, though still difficult.

I personally had no formal training in molecular biology and therefore the task
of cloning this cDNA seemed daunting to me. I considered spending some time in
Dallas where I was offered space in Evan Simpson’s laboratory at the University of
Texas Southwestern Medical Center, where I could work with my former student,
Mike Kilgore, and learn the art of cloning and see if we could clone the cDNA for
this protein. At that time, one of the most fortuitous and important things in my ca-
reer happened. Barbara Clark had agreed to join my laboratory in 1992, just having
finished her Ph.D. in Mike Waterman’s laboratory at UT Southwestern in Dallas.
Barbara was very well versed in all of the methodology that would be required to
clone the cDNA for this protein. We talked about the project and she agreed to tackle
it head on. It was an extremely difficult project as this work was performed prior to
mass spectrometry and Matrix Assisted Laser Desorption Ionization Time-of-Flight
(MALDI-TOF) and the fact that this protein represented approximately 0.2 % of the
total cell protein and 0.7 % of the mitochondrial protein (as we later determined).
Barbara diligently tried to purify the protein using fast protein liquid chromatogra-
phy (FPLC). As we had no assay that we could utilize on the fractions collected, she
attempted to “find” the protein by running mini 2-D gels on each of the eluted frac-
tions, an unbelievable effort when you think about it. FPLC proved to be unsuccess-
ful and Barbara then went through the arduous process of preparing mitochondrial
mitoplasts, solubilizing the protein, running prep gels, cutting out the 28—32 kDa re-
gions of the gels, extracting the proteins from these gels, concentrating the proteins,
and running these concentrates on 2-D gels followed by silver staining to visualize
the 30 kDa proteins. Then the proteins were carefully excised from the gels and
retained until sufficient amounts of protein were obtained for microsequencing by
the Harvard Microchemical Facility. The facility indicated to us that approximately
100 pM would be required for sequencing and approximately twice this amount
was sent to them. Tryptic digestion of the 30 kDa protein, high-performance liq-
uid chromatography (HPLC) separation of digested protein into separate peaks and
sequencing of three of these peaks produced sequences of 19, 13, and 12 amino
acids. With this information, degenerative nucleotides of 17-24 bases long were
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synthesized and used to amplify the 30 kDa cDNA from a cDNA library using poly-
merase chain reaction (PCR). This resulted in a 400 base pair product that in turn
was used to probe the cDNA library once again. This probe resulted in the isolation
of a 1,456 base pair full-length cDNA clone that when sequenced was found to
represent a novel cDNA. The open reading frame of this cDNA was found to be 852
base pairs in length and coded for a protein that was 284 amino acids in length that
also proved to be a novel sequence. A number of steps were taken to assure that the
correct cDNA had been cloned with perhaps the most definitive proof being that the
open reading frame contained the exact same sequences that were provided to us by
the Harvard Facility. While this all sounds very straight forward, I can assure you it
was anything but that, as we encountered a number of starts and stops all along the
way during these efforts, just as all laboratories do.

We were now at last in a position to determine if a cause and effect situation
existed for this protein. Barbara cloned the cDNA for the 37 kDa precursor protein
into a pCMV expression vector and transfected this vector into unstimulated MA-
10 cells and compared steroid synthesis to empty pCM V-transfected cells. Expres-
sion of the 37 kDa/30 kDa protein resulted in a twofold to fourfold increase in pro-
gesterone production in the absence of hormone stimulation, and thus provided the
cause and effect observation that was required to demonstrate the function of this
protein. We strongly felt that this was the evidence that we needed to convince the
scientific community that this protein functioned as the acute regulator of steroid
hormone biosynthesis that had long been sought. We named the protein StAR, for
Steroidogenic Acute Regulatory protein. During the course of these experiments,
other individuals in my laboratory added significant observations to this story. Ste-
ven King performed in vitro transcription and translation of the 37 kDa ¢cDNA and
showed that this resulted in the synthesis of all 4 forms of the 30 kDa protein, a
strong supporting piece of information [53]. Jeff Wells, a technician in our labora-
tory, worked tirelessly in growing and harvesting MA-10 cells that were needed for
the isolation of the 30 kDa proteins. This was a team effort that culminated with the
publication describing the purification, cloning, and expression of the StAR protein
in the November 1994 issue of The Journal of Biological Chemistry [53].

Earlier in 1994, I met Jerry Strauss from the University of Pennsylvania, at a
meeting in the UK. I was discussing some of our results with Jerry and eventually
the discussion came around to the enigma of searching for the cause of the disease,
lipoid congenital adrenal hyperplasia (lipoid CAH). Lipoid CAH results from an
almost complete inability of the afflicted patients to synthesize steroid hormones.
Lipoid CAH was originally thought to be a result of a mutation in the CYP11A1
gene, but this proved to be incorrect once the human gene was cloned and later se-
quenced from the tissue of patients having this disease [54]. Similarly, other protein
candidates were discounted as the cause of lipoid CAH. We felt that malfunction
of the 30 kDa protein that we were working on could be a candidate for causing
lipoid CAH. We then sent the 400 bp cDNA fragment to Jerry and his laboratory
was able to clone the human cDNA counterpart of the StAR gene. The information
that resulted from cloning and sequencing the human StAR cDNA was sent to an-
other colleague, Walter Miller at the University of California, San Francisco. Walter
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had access to human tissue (testicular tissue) from patients who had been diagnosed
with lipoid CAH. Using the sequence information he received from Jerry, Walter’s
laboratory was able to clone the StAR cDNA from lipoid CAH tissue. The first four
clones that Walter’s lab isolated and sequenced from lipoid CAH patients had muta-
tions in the StAR cDNA. Cloning these mutated cDNAs into expression vectors and
expressing them in COS-1 cells, transfected with the cholesterol side-chain cleavage
enzyme system, indicated that these mutated StAR cDNAs could not support steroid
synthesis while control StAR cDNAs could. In essence, nature had provided a StAR
knockout and its phenotype proved that StAR was an essential element for acute
steroid biosynthesis. These elegant and important results support the role of StAR
and also provided unequivocal evidence for the cause of lipoid CAH. These results
were published in Science in the spring of 1995 [55]. The human StAR mutation
findings were corroborated in 1997 with the Proceedings of the National Academy
of Sciences USA (PNAS) publication of the phenotype of the mouse StAR knockout
by Keith Parker’s laboratory [56]. The mouse phenotype essentially mirrored the
human phenotype and thus, a rodent lipoid CAH model became available for further
study. Since that time, less severe mutations in the StAR gene as well as mutations
in the CYP11A1 gene have been identified in patients with lipoid CAH [55, 57-59].

These are the best recollections of the history of the discovery of StAR that [ have
as they pertain to my own laboratory. In a narrative such as this, it is impossible to
chronicle each of the individual contributions made to this story and I apologize for
leaving out the names of individuals who have so contributed. Individual contribu-
tions can, of course, be gleaned from the publications that have chronicled this
series of investigations. As of this writing, more than 1730 manuscripts have been
published that were identified using “steroidogenic acute regulatory” as a probe on
PUBMED. Last, but certainly not the least, I would like to acknowledge the support
of the National Institute of Child Health and Human Development (NICHD) of the
NIH and the Robert A. Welch Foundation for making this work possible.

StAR (STARDI1) Overview

Over a 20-year span (1994-2014), the biochemical and genetic data on StAR has
confirmed its essential role in cholesterol transfer into mitochondria and in control-
ling steroidogenesis (reviewed in [60]). Of particular importance was the finding
that mutations in the ASTARDI gene are the most common basis for lipoid CAH,
as discussed above [55, 61]. The mechanism of cholesterol transport by StAR and
lipoid CAH is the topic of Chap. 4 so we will only briefly summarize StAR protein
function. StAR is a nuclear gene that encodes a protein that is synthesized in the
cytoplasm as a precursor protein with an amino-terminal domain characteristic of
a mitochondrial targeting sequence; e.g., a predicted amphipathic helix commonly
found in matrix localized proteins [53]. Mitochondrial import and processing of the
newly synthesized 37 kDa precursor StAR produces a 32 kDa intermediate product
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and a mature 30 kDa matrix localized form (reviewed in [60]). The current model
for StAR function is that StAR is active on the cytosolic side of the outer mitochon-
drial membrane and that import and processing “inactivates” StAR. The inactiva-
tion is a consequence of localization of StAR to the interior of the mitochondria
rather than a loss of cholesterol binding and function. Indeed, key studies showed
that in the absence of the N-terminal mitochondrial targeting sequence, StAR is
composed solely of a START domain that does not get processed yet is capable
of binding cholesterol and facilitating cholesterol transport across mitochondrial
membranes [62]. Therefore, the import and processing of StAR by mitochondria
is proposed to be an “off” switch for cholesterol transfer and thus steroidogenesis.
However, studies from StAR knockout mice and StAR transgenic animals implicate
that in vivo the targeting of StAR to mitochondria may be important for efficient
cholesterol transfer and steroid production. StAR knockout mice accumulate signif-
icant amounts of cholesterol in the adrenals and gonads and the animals die shortly
after birth due to the absence of adrenal hormones [63]. Lipid accumulation was
attenuated and adrenal and gonadal steroidogenesis were restored in StAR knockout
mice that expressed a StAR transgene. On the other hand, when an amino terminal
truncated StAR transgene was expressed, the mice retained lipid accumulation in
the adrenal and gonads and had partially restored steroidogenesis in a tissue- and
gender-specific manner [64]. The StAR transgenic animal studies support that StAR
is capable of functioning without being targeted to the mitochondria, but highlight
the importance of correct and efficient subcellular localization of the protein for full
function in vivo.

Since continual synthesis of 37 kDa precursor StAR is required to maintain the
active cytosolic form of StAR associated with mitochondria, the mechanisms that
control StAR protein expression control steroidogenesis. Both transcriptional and
posttranscriptional mechanisms regulate StAR gene expression, and this chapter
provides an overview of the mechanisms controlling StAR expression in the go-
nads and adrenal. First, a general overview for transcription initiation and hormonal
regulation of steroidogenesis is provided to set the context for StAR regulation.

Basic Mechanisms for Transcription Initiation

A gene that is transcribed by RNA Polymerase II (RNAPII) has distinctive func-
tional elements that are required to initiate and enhance transcription. The pro-
moter region of a gene contains sequence-specific cis-acting DNA elements, or
regulatory elements, that are recognized and bound by trans-acting DNA-binding
proteins (transcription factors) required to initiate transcription. Studies that
characterize gene promoters provide the location for these cis-acting regulatory
elements and, by convention, the position of these elements are designated relative
to the transcription start site (TSS). The TSS is designated as the first nucleotide
transcribed into pre-mRNA and is denoted numerically by +1. The core promoter is
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defined as the minimal region required for RNAPII to initiate transcription. There
are two major classes of core promoter sequences for RNAPII binding; an AT-
rich DNA sequence containing a consensus TATAAAA element called the TATA
box is found in approximately 25% of mammalian genes, and CG-rich regions
referred to as a TATA-less promoter found in the remaining 75 % of the genes. In
general, TATA-box elements are found in highly regulated, cell-specific expressed
genes while CG-rich regions serve as promoters for many housekeeping or com-
monly expressed genes. Recruitment of RNAPII to the core promoter and proper
transcription initiation is controlled by the assembly of the general transcription
complex that together with RNAPII forms the transcription preinitiation complex
(PIC). The assembly of the PIC is enhanced by activator and coactivator proteins
that bind to regulatory elements within the promoter.

Activator proteins are transcription factors that bind their respective sequence-
specific DNA regulatory elements and function in either a constitutive manner (al-
ways bound to DNA) to maintain steady-state levels of gene expression or in a
developmental or regulated manner to activate gene transcription in response to
external stimuli such as hormonal signaling. The sequence-specific DNA regula-
tory elements typically contain a twofold symmetry and the activator proteins bind
as homo- or heterodimers. Common DNA and protein interacting motifs identified
within activator proteins include the helix-turn-helix (HTH), basic helix-loop-helix
(bHLH), zinc finger (Zn finger), and basic leucine zipper (bZIP) motifs. bZIP pro-
teins have a conserved region aligned by the spacing of leucine resides every 7th
amino acid that folds into an a-helix containing a hydrophobic face with evenly
spaced leucines. The interdigitation of the leucines between these a-helices forms
the leucine zipper and promotes protein dimerization. A basic region is adjacent to
each helix and binds the half-site of the response element; therefore, dimerization
is necessary for function (DNA binding). bZIP motifs are commonly found in ac-
tivators that are regulated in response to acute cellular signaling. For example, the
¢-FOS and c-JUN proteins of the AP-1 transcription family are phosphorylated and
activated by protein kinase C (PKC) signaling and the cAMP responsive element-
binding protein, CREB, is phosphorylated and activated by the protein kinase A
(PKA) signaling pathway. Another common DNA-binding motif is the zinc finger;
a structure formed by the coordination of Zn ions by specifically spaced cysteine
(Cys4) or cysteine and histidine (Cys2His2) residues that generates adjacent finger-
like structures that bind the major groove of DNA and promote protein dimeriza-
tion. The Zn finger Cys,Cys, motif is shared by members of the steroid hormone/
nuclear receptor superfamily where ligand binding enhances homo- or heterodimer
formation and DNA binding.

Coactivator and corepressor proteins do not bind DNA directly but are recruit-
ed to promoters via protein interactions with the DNA-bound activator proteins
(reviewed in [65—67]). Conserved protein interacting motifs found on activating
proteins include the LXXLL motif for nuclear receptor-coactivator interactions,
and kinase interacting domain (KID) for CREB/activated transcription factor (ATF)
family members and coactivators [67, 68]. Protein-protein interactions can be de-
pendent upon posttranslational modification(s), such as phosphorylation of CREB
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on Serl133 by PKA or Ca?" signaling, which results in increased association with the
coactivator CREB-binding protein (CBP/p300 [68—71]). Coactivators classically
have intrinsic histone acetyltransferase activity (HAT) and acetylate core histone
proteins (H2A, H2B, H3, and H4) leading to open chromatin structure for active
transcription. Members of the HAT family include CBP/p300, P/CAF (p300/CBP
Associated Factor), and the p160 family that includes SRC-1(NCoA-1), SRC-2
(NCoA-2), and SRC-3. Additional histone modifying enzymes have been shown to
contribute to coactivator function [72].

Conversely, a gene may be actively silenced by the constitutive presence of a
corepressor complex on the promoter. Corepressor proteins, like coactivators, are
associated with DNA bound activator proteins via protein-protein interactions
thereby localizing the corepressor to specific promoter regions of the gene [67].
The repressor protein then recruits HDAC proteins, enzymes with intrinsic histone
deacetylase activity that help maintain histones in the deacetylated state and pro-
mote gene silencing. mSin3 and nucleosome remodeling and histone deacetylation
(NuRD) are two common repressors utilized by multiple activator proteins to re-
cruit HDACI to the promoter. Nuclear receptors also can utilize the corepressors
silencing mediator of retinoid and thyroid receptors (SMRT) and nuclear receptor
corepressor (NCoR) to either recruit HDACs directly or indirectly via Sin3A com-
plex formation [73, 74].

Hormonal Regulation of Steroidogenesis
and StAR Function

The hypothalamic-pituitary-gonadal axis is the major hormonal signaling cascade
that controls sex hormone output by the testis and the ovary while the hypotha-
lamic-pituitary-adrenal axis is the major hormonal signaling cascade that controls
glucocorticoid synthesis by the adrenal gland (Fig. 2.2a). In brief, the hypothala-
mus secretes gonadotropin-releasing hormone (GnRH) or corticotropin-releasing
hormone (CRH) that then stimulate the gonadotropes or corticotrophes of the an-
terior pituitary, respectively, to synthesize and secrete the gonadotropins leutiniz-
ing hormone [75] and follicle stimulating hormone (FSH) or adrenocorticotropin
hormone (ACTH). LH stimulates testosterone synthesis by testicular Leydig cells
and androgen production by ovarian theca cells while FSH stimulates estrogen pro-
duction by ovarian granulosa cells. ACTH stimulates glucocorticoid synthesis by
the adrenal gland. Mechanistically, ACTH, LH, and FSH bind to their respective
7-transmembrane G-protein-coupled receptors in their target tissues and activate
signal transduction pathways leading to increased expression and/or activation of
transcriptional activator proteins and subsequent increase in StAR and other genes
within the steroid hormone biosynthetic pathway (see Fig. 2.2b and legend for more
detailed description). The cross-talk between these pathways leads to maximal in-
crease in steroid output. The cAMP-PKA signal transduction pathway is central to
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Fig. 2.2 Mechanisms for tropic hormone regulation of steroidogenesis. a The hypothalamic-pitu-
itary-adrenal/gonadal axis controlling steroid hormone production. The pathway is described in
the text. b Mechanisms for increased StAR and steroidogenic gene expression following tropic
hormone stimulation. Shown is a model of the major signal transduction pathways activated by
tropic hormone (LH, FSH, ACTH) stimulation of their respective G-protein-coupled receptors.
Activated second messenger pathways include adenylyl cyclase (AC)-mediated increase in cAMP
levels and the subsequent activation of protein kinase A (PKA), phospholipase C (PLC)-mediated
increase in diacylglycerol (DAG) and inositol 1, 4, 5 trisphosphate (IP3). DAG then activates
protein kinase C (PKC) while IP3 increases intracellular calcium levels that also promote PKC
activation. Epidermal growth factor (EGF), insulin-like growth factor (IGF), and prolactin (PRL),
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hormone-dependent activation of gonadal sex hormone and adrenal glucocorticoid
and androgen synthesis. In addition, aldosterone, a critical steroid hormone that
regulates salt balance and blood pressure, is produced by the adrenal gland. Major
regulators of aldosterone synthesis are angiotensin II (Ang I1) and K*. Ang Il is a
peptide hormone that binds to its respective G protein-coupled cell surface recep-
tor and activates the protein kinase C (PKC) and calcium signaling pathways while
K*-mediated membrane depolarization activates voltage-gated calcium channels
and subsequent calcium-PKC- signaling pathways (reviewed in [76]). Similar to
cAMP-PKA signaling, Ang II and K* lead to transcription factor phosphorylation
and increased target gene expression, including StAR, resulting in increased al-
dosterone synthesis [77—80]. This chapter focuses on the cAMP-PKA-dependent
mechanisms that activate StAR gene expression. The unifying theme for StAR gene
regulation is that hormone-dependent activation of the signaling pathways that reg-
ulate transcription factor activation and recruitment to the StAR promoter functions
in a cell-type-dependent manner resulting in cell-specific mechanisms that control
StAR expression.

PKA-dependent phosphorylation of StAR is a key mechanism controlling
StAR function. StAR was originally observed to be a phosphoprotein, a modi-
fication that was established by the early observations of four protein spots af-
ter 2-D gel electrophoresis; two of which were sensitive to alkaline phosphatase
treatment (Fig. 2.1). Two consensus PKA phosphorylation sites at Ser56/57 and
Ser194/195, in murine and human StAR, respectively, are bona fide PKA targets
[81, 82]. StAR protein harboring a Ser194/95Ala mutation fails to mediate choles-
terol transport into mitochondria, although the cholesterol-binding property is not
changed due to phosphorylation [81-83]. In addition, PKC-dependent synthesis
of wild-type StAR without subsequent PKA-dependent phosphorylation does not
promote steroid production, supporting a role for posttranslational modification of
StAR for function [83]. While the importance for StAR phosphorylation is estab-
lished, the mechanistic link between StAR phosphorylation and function remains
to be determined.

activate the Ras/Raf and mitogen-activated protein kinases (MAPK/ERK) pathways, which have
been shown to modulate the cAMP-PKA-dependent control of StAR expression. The activation
of these protein kinases results in the increased expression and/or phosphorylation of transcrip-
tion factors that control StAR and steroidogenic enzymes within the steroidogenesis pathway,
leading to an increase in steroid output. The potential cross-talk between these pathways through
cAMP-mediated activation MAPK or calcium signaling modulating PKA illustrates the potential
for multi signals converging on activation of key transcription factors that contribute to increased
gene expression. The cAMP-PKA pathway is the key pathway regulating StAR expression and ste-
roidogenesis in steroidogenic tissues. This may be attributed, in part, to the PKA-dependent phos-
phorylation of StAR that is required for function. The model pathway in b is adapted from [114].
CYP11A1, cytochrome P450 side chain cleavage enzyme; CYP17, cytochrome P450 17a-hydrox-
ylase, 17, 20 lyase; CYP19, cytochrome P450 aromatase are used as examples of regulated genes
within the steroid hormone biosynthetic pathway H hypothalamus, CRH corticotrophin-releasing
hormone, GnRH gonadotropin-releasing hormone, 4nt. Pit. anterior pituitary, ACTH adrenocorti-
cotropin hormone, LH luteinizing hormone, F'SH follicle stimulating hormone, StAR steroidogenic
acute regulatory protein, cAMP cyclic adenosine-3',5"-monophosphate, DAG diacylglycerol
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StAR Gene Structure

a
Exons 1 2 3 4 5 6 7
[328] [114]  [128] [159] [185] [94] [1687)
Human
ATG 2000 313 1752 141 647 835 TaA
[120] [11]  [128] [159] [185] [94] [1951]
Mouse CP— @@ @& 8-
arg 823 240 1010 109 392 889 TAA

b StAR transcripts arise by alternative 3'-end processing

poly (A) poly (A)

Mouse (@ »  AURE ) 012 4 68 12 24hBt,cAMP
28s
L——— long ,“. >
L B

> short ML ITT T

bactin Ml - 88 e

Fig. 2.3 StAR gene and primary transcript structure. a Schematic representation of the human
and mouse StAR gene structure. The sequence information obtained from human gene ID 6770,
NG 011827 and mouse gene ID 20845, NM_ 011485 were used to cartoon the gene structures
for human and mouse StAR, respectively. Exons are depicted by dark boxes with the 5" and 3’
untranslated regions shown in lighter color and the size of the exons are given above each box.
Introns are depicted by a line with the size shown below the line. The start (ATG) and stop (TGA/
TAA) codons are indicated in the schematic. Exon 2 of human StAR contains an additional 3
base pairs relative to the mouse sequence. b Alternative 3’-end processing results in two major
StAR transcripts. Shown is a schematic of the mouse StAR primary transcript. The coding region
is depicted by the dark box with the 5" and 3" UTR in lighter shade. Two major polyadenylation
signals (poly(A)) within the 3"-UTR of mouse StAR that promote differential processing leading
to a long (~3.5 kb) and short (~1.6 kb) transcript in rodent cell lines. The two major transcripts
are shown by Northern blot analysis of StAR mRNA in MA-10 mouse Leydig tumor cells after
treatment with the cAMP analog Bt, cAMP for the indicated time. The presence of destabilizing
AURES (AU-rich elements) in the longer transcript are proposed to contribute to the shorter half-
life of the longer transcript [173]. Figure for Northern blot data is adapted from data presented in
[84] StAR steroidogenic acute regulatory protein, mRNA messenger ribonucleic acid, cAMP cyclic
adenosine-3',5'-monophosphate, AU adenosine-uridine

StAR Gene Structure

Shortly after we cloned the mouse StAR cDNA, we characterized the mouse gene
[84]. The gene is comprised of 7 exons and 6 introns that span a relatively short
distance, 6.25 kb, located on chromosome 8 [84]. The cDNA contains an open read-
ing frame of 852 bases encoding a protein of 284 amino acids with predicted mo-
lecular weight of 31.6 kDa [53]. The human StAR gene shares the same general
structure with 7 exons-6 introns spanning ~ 8 kb that maps to chromosome 8p11.23
[85] (Fig. 2.3). The human cDNA encodes a protein of 285 amino acids due to an
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additional 3 nucleotides in exon 2 that results in an insertion of a serine at position
47. Many of the mammalian StAR proteins are 285 amino acids in length, with
the mouse and rat being the apparent exceptions. The additional amino acid has no
apparent functional advantage since deletion of the amino terminal 65 amino acids
from StAR does not decrease activity for cholesterol transfer.

The core promoter of StAR contains a TATA-box, common for highly regulated
genes. To localize the cAMP-responsive region of StAR promoters, early studies
used reporter gene assays and tested the activity of a series of 5'-deletion constructs
beginning with >3 kb of the 5'-flanking sequence upstream of the transcription
start site (TSS). A region within 250 bp of the TSS was shown to be sufficient for
maximal promoter activity of mouse, human, rat, and bovine StAR genes in the
adrenal and gonads. Alignment of StAR promoter regions from multiple species
revealed highly conserved sequence-specific DNA regulatory elements within the
first 150 bp region immediately upstream of the TSS (Fig. 2.4a). This proximal
promoter region of StAR has been most extensively studied utilizing mouse and hu-
man cell lines. These studies demonstrated that the conserved regulatory elements
bind their cognate transcription factors in a cell-type- and species-specific man-
ner. The major transcription factors found to activate StAR transcription are ste-
roidogenic factor-1 (SF-1 also referred to as adrenal 4-binding protein and encoded
by NR5A1), NUR77 (NR4A1), CCAAT/enhancer-binding protein beta (C/EBPp),
GATA-4, activator protein-1 (AP-1) family members, and CREB/CREB-modulator
(CREM) family members (Fig. 2.4a).

Zinc-Finger Transcription Factors Involved in StAR
Gene Expression

SF-1 is an orphan member of the nuclear receptor superfamily that binds as a
monomer to the consensus DNA sequence, 5- AGGTCA-3'; a sequence that was
originally found to be common in promoters of several steroid hydroxylase genes
[86—89]. SF-1 is highly expressed in steroidogenic cell types where it functions
to help control the tissue-specific expression of genes involved in the steroid hor-
mone biosynthesis pathway [90, 91]. Additionally, gene knockout studies in mice
showed that SF-1 is critical for development and differentiation of the endocrine
and reproductive systems, demonstrating it has multiple functions [92]. SF-1 func-
tion has been linked to both basal and cAMP-PKA-dependent gene expression, with
promoter- and cell-specific mechanisms contributing to SF-1-dependent target gene
expression. Mutational analysis of a non-consensus SF-1 element located directly
upstream of the CRE/AP-1 element in StAR proximal promoter verified SF-1 plays
amajor functional role in StAR expression (Fig. 2.4). SF-1 binds the RNA coactiva-
tor SRA (steroid receptor activator RNA) and SRA is important for SF-1-dependent
gene activation in the adrenal and gonads [93]. While the cAMP-PKA-dependent
mechanisms controlling SF-1 function are not fully elucidated, current working
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Fig. 2.4 Multiple Sequence Alignment of the StAR Proximal Promoter. a Shown is a Clust-
alW alignment of human, mouse, rat, bovine, pig, and chimpanzee StAR promoter sequences
between the TATA box (TTTAA) and the distal SF-1 element located at -145 bp in the mouse
promoter sequence. The binding sites for SF-1, C/EBPf, CREB/CREM/AP-1 are shown in
light blue and labeled with the names of the respective transcription factor(s). b Comparison
of the cAMP-responsive region of the human and mouse StAR proximal promoter. Shown is a
short 53 bp region that encompasses non-consensus SF-1 and CRE/AP-1 elements and a con-
sensus GATA element. Each of these DNA elements has been shown to bind their respective
transcription factors and increase StAR transcription. The divergence between the mouse and
human sequence within the critical elements and in the flanking DNA sequences may con-
tribute, in part, to promoter (species)-specific differences in transcription factor binding. StAR
steroidogenic acute regulatory protein, C/EBP CCAAT-enhancer-binding protein—beta, CREB
cyclic-AMP responsive element-binding protein, CREM CREB modulator protein, 4P-1 activa-
tor protein 1, SF-/ steroidogenic factor-1, cAMP cyclic adenosine-3',5-monophosphate, DNA
complementary deoxyribonucleic acid



2 The Steroidogenic Acute Regulatory Protein (StAR) 31

models include indirect mechanisms by which cAMP-PKA signaling promotes pro-
duction of SF-1 ligands and SF-1 cofactors to enhance SF-1 function [94].

NUR77, encoded by the NR4A1 gene and also referred to as nerve growth fac-
tor induced-B (NGFI-B) is an orphan nuclear receptor that binds as a monomer to
the cis-acting consensus sequence 5'-AAAGGTCA-3' called the NGFI-B response
element (NBRE). As the name implies, NUR77, and related family members NOR1
and NURRI, were characterized for their function in the nervous system as part
of the immediate early response to stimuli such as growth factors and membrane
depolarization [95]. In steroid producing tissues NUR77 expression is increased by
hormonal stimulation and NUR77 has been shown to regulate steroidogenic gene
expression [96—102]. The NBRE shares sequence identity with the SF-1 element
and a NBRE overlaps the SF-1 element in the mouse STAR promoter (Fig. 2.4a).
Calcium signaling contributes to the cAMP-dependent increase in steroidogenesis
and a calcium-dependent increase in NUR77 expression leads to increased bind-
ing to the SF-1/NBRE element in the mouse StAR promoter [102—-104] (Fig. 2.4a).
However, NUR77 does not bind this region in the human StAR promoter [105,
106], likely due to flanking sequence variation at the SF-1/NBRE element between
the mouse and human promoters (Fig. 2.4a). The inability for NUR77 to bind to
the human StAR promoter, and potentially compensate for SF-1 function, may help
explain the dependence on SF-1 for StAR promoter activity in human cell lines [78,
107-110].

The GATA family of zinc-finger DNA-binding proteins is named for the cis-
acting DNA core consensus sequence, 5'- GATA-3', that they bind. This family is
composed of six members, GATA-1-GATA-6, with GATA-4 associated with gene
transcription and development in the heart. However, GATA-4 is expressed in ste-
roidogenic tissues as well as in the heart, lung, liver, and small intestine and has
been shown to play a broader role in gonadal development and tissue-specific gene
expression [111-113]. GATA proteins function with FOG (friend of GATA) and
p300/CBP to activate target gene expression. StAR and several steroid hydroxylase
gene promoters contain GATA elements and GATA-4 has been shown to regulate
these genes in the testis and ovary.

bZIP Transcription Factors Involved in cAMP-Dependent
StAR Gene Expression

Comprehensive reviews of the role of bZIP proteins in StAR gene regulation sum-
marize the studies that identified the roles for members of this family of transcrip-
tion factors that bind to a non-consensus CRE/AP-1 element in the StAR promoter
and control transcriptional activation or repression [114, 115]. Therefore, only a
broad overview highlighting the current models for StAR gene regulation is pro-
vided herein.

The CREB, CREM, and ATF-1 genes encode a family of transcription factors
that bind to cAMP-responsive elements [116] that have the consensus sequence
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5'-TGACGTCA-3'. CREB/CREM/ATF-1 family members can form homo- or
heterodimers through the bZIP domain and can functionally compensate for each
other in activating target gene expression in response to cAMP-PKA signaling
[117-120]. CREB is known generally as a transcriptional activator while multiple
CREM isoforms, generated via alternative splicing or use of alternative promoters
of the CREM gene, both transcriptional activators (CREMt, 11, and t2) or repres-
sors (CREMa, B and y) and ICER (inducible cAMP early repressor). CREMr is the
major transcriptional activator isoform in the testis, with strong expression in germ
cells where it controls expression of genes critical for spermatogenesis [121]. In
mouse Leydig cell cultures, both CREB and CREM are phosphorylated in response
to PKA activation and the phosphoproteins bind to the StAR CRE/AP-1 element
and contribute to the cAMP-dependent increase in StAR transcription [122, 123].
CREB is not expressed in the adrenal and in this tissue, CREM isoforms bind to the
CRE/AP-1 element and activate StAR transcription [78, 110].

AP-1 is a transcriptional complex composed of Fos and Jun proteins. Members
of the Fos family (c-Fos, FosB, Fra-1, and Fra-2) are found only as a heterodimer
partner with members of the Jun (c-Jun, JunB, and JunD) proteins and with some
members of the CREB/ATF family, while Jun members form either homodimers or
heterodimers [124—126]. AP-1 family members are phosphorylated in response to
PKA or PKC activation and also bind to the CRE/AP-1 element [122, 127]. c-Jun
functions as a potent trans-activator of St4R transcription in Leydig cells, possibly
through the formation of heterodimers with CREB family members [127], while c-
Jun/c-Fos heterodimers can both activate and repress StAR [128—131].

The C/EBP family members bind to CCAAT box DNA elements with the con-
sensus sequence A/GTTGCGC/TAAC/T [132]. The C/EBP family is best known
for regulating genes that control cell differentiation and are differentially expressed
in a tissue-specific manner [133—135]. In steroidogenic cells, C/EBPa and C/EBPf
isoforms are detected and C/EBPJ expression is increased by cAMP-mediated
mechanisms in mouse testicular Leydig and ovarian granulosa cells [136—138]. The
functional C/EBP element in the StAR promoter is highly conserved and C/EBPf
in MA-10 Leydig cell, rodent granulosa-luteal cell, and human granulosa-luteal cell
nuclear extracts was shown to bind to the mouse and human StAR proximal pro-
moter [139-141]. Protein-protein interactions between C/EBPP and SF-1 and C/
EBPp and GATA-4 have been proposed to contribute to Leydig and granulosa cell
StAR gene expression, respectively.

Model for cAMP-PKA-Dependent Activation of STAR
Transcription

A cAMP responsive region, referred to as the CAN or CRE/AP-1 site, is a non-
consensus CRE with overlapping specificity for members of the CREB/CREM and
AP-1 protein families (Fig. 2.4b). This region is the most complex of the StAR
proximal promoter due to the complex pattern of transcription factor binding that



2 The Steroidogenic Acute Regulatory Protein (StAR) 33

occurs in a species- and tissue-specific manner. Potential heterodimer formation be-
tween CREB, AP-1, and C/EBP bZIP proteins provide a level of control to integrate
gene expression through one common element yet distinct trans-activating proteins.

One unifying theme identified by studies on StAR gene regulation from mul-
tiple laboratories is full promoter activity and a robust cAMP-dependent response
involves SF-1 and GATA-4 binding to their respective elements in the StAR pro-
moter (Figs. 2.4b and 2.5). Mutation of either the SF-1 or GATA-4 site does not
diminish cAMP induction of StAR promoter activity, yet the loss of both of these
factors attenuates overall promoter activity. The SF-1 and GATA-4 elements flank
the critical CRE/AP-1 element, and protein-protein interactions between SF-1-GA-
TA-4, SF-1-CREB, and C/EBPB-GATA-4 have been reported and these interactions
may help stabilize CREB/CREM/AP-1 factor binding at the CRE/AP-1 element.
However, the fine-tuning of the hormone-dependent response is controlled by fac-
tor binding to the CRE/AP-1 element. Given that several combinations of bZIP
proteins bind to this element, it is likely that the relative cellular levels of CREB/
CREM/AP-1 proteins and preferential activation (phosphorylation) of these factors
by hormone-dependent activation of the PKA and/or PKC signaling pathways regu-
late bZIP protein heterodimer partner formation controlling StAR gene expression
in a cell type dependent manner.

The temporal pattern for transcription factor recruitment is nicely demonstrated
by chromatin immunoprecipitation (ChIP) assays. The data support that upon 8-Br-
cAMP treatment of MA-10 mouse Leydig tumor cells, the immediate response is
recruitment of SF-1, GATA-4, CREB/CREM/AP-1, and CBP to the mouse StAR
promoter followed by histone H3 acetylation and increased StAR mRNA levels.
CREB, AP-1, and GATA-4 phosphorylation increases immediately following cAMP
treatment of MA-10 cells with no change in total protein expression [142], indicat-
ing that phosphorylation of these factors promotes their recruitment to the StAR
promoter and facilitates increased coactivator interactions [122, 140] (Fig. 2.5).

One model for cAMP-PKA stimulated StAR transcription that integrates the
above studies is tropic hormone stimulation results in PKA-dependent phosphoryla-
tion of CREB/CREM and/or c-Fos/c-Jun (AP-1) and increases recruitment of these
transcription factors to the CRE/AP-1 site in the StAR proximal promoter. SF-1
and GATA-4 bind to their respective elements that flank the CRE/AP-1 site. PKA-
dependent phosphorylation of GATA-4 enhances both recruitment of this factor to
the StAR promoter and protein-protein interactions. Protein-protein interactions be-
tween GATA-4 and SF-1, AP-1 and/or CREB and possible CREB- SF-1 interactions
help stabilize the transcription complex and enhance recruitment of the coactivator
CBP and RNAPII to the StAR promoter and increase transcription. SF-1-GATA-4
binding appear to be a common mechanism for mouse and human StAR gene ac-
tivation in multiple cell types while the homo- or heterodimer partners (CREB/
CREM or AP-1 or CREB-cJun) binding to the CRE/AP-1 element is dependent
upon the cell type and stimulus.

An example of integrating StAR gene expression through one common ele-
ment, yet distinct trans-activating proteins can be found in the follicular to luteal
phase transition in the rodent ovary. During this transition, regulation of steroid
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Fig. 2.5 Model for the cAMP-PKA-dependent activation of the mouse StAR gene. Tropic hor-
mone (LH, FSH, ACTH) stimulation of their respective G-protein-coupled receptors (R) activates
adenylyl cyclase (AC) and increases cAMP levels resulting in subsequent activation of protein
kinase A (PKAc). PKAc-dependent phosphorylation of CREB/CREM, c-Fos/c-Jun (AP-1), and
GATA-4 results in increased recruitment of these transcription factors to the StAR proximal
promoter. The SF-1-GATA-4 binding appear to be a common mechanism for mouse and human
StAR gene activation in multiple cell types while the bZIP homo- or heterodimer partners (CREB/
CREM or AP-1 or CREB-cJun) binding to the CRE/AP-1 element is dependent upon the cell type
and stimulus. Protein-protein interactions between GATA-4 and SF-1, AP-1 and/or CREB and
possible CREB- SF-1 interactions help stabilize the transcription complex and enhance recruit-
ment of the coactivator CBP and RNAPII to the StAR promoter and increase transcription. SF-1
may be constitutively bound to the promoter with increased association after cAMP-PKA acti-
vation. A switch from cAMP-dependent to cAMP-independent regulation of StAR transcription
involves C/EBPb binding to its respective element and loss of CREB binding to the CRE/AP-1
element during luteolysis. NUR77 binds to a sequence overlapping the SF-1 element and modu-
lates calcium-dependent regulation of StAR. Protein kinase A (PKAc)-dependent loss of DAX-1
and COUP-TF repressor functions: Both DAX-1 and COUP-TF function to interfere with SF-1
activation of the StAR promoter and actively repress StAR transcription (see text for details).
Hormone stimulation and activation of PKAc results in decreased DAX-1 or COUP-TF expression
in steroidogenic cells, thereby alleviating repression and promoting activation by allowing SF-1
and other factors to activate StAR gene expression StAR steroidogenic acute regulatory protein,
C/EBPb CCAAT-enhancer-binding protein-beta, CREB cyclic-AMP responsive element-binding
protein, CREM CREB modulator protein, AP-1 activator protein 1, cAMP cyclic adenosine-3',5'-
monophosphate, LH luteinizing hormone, FSH follicule stimulating hormone, ACTH adrenocor-
ticotropic hormone, DAX-1 dosage sensitive sex reversal-adrenal hypoplasia congenital gene on
the X chromosome gene 1, COUP-TF chicken ovalbumin upstream promoter transcription factor
I and II, CBP CREB-binding protein, RNAPII ribonucleic acid polymerase 11, bZIP basic leucine
zipper, AMP adenosine-3',5’-monophosphate
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production switches from a cAMP-dependent (follicular phase) to cAMP-inde-
pendent (luteal phase). StAR expression and steroid production are important dur-
ing both phases and StAR gene regulation switches from a cAMP-dependent to a
cAMP-independent mechanism. The switch is mediated by an AP-1 family member
replacing CREB at the CRE/AP-1 element and recruitment of C/EBP to its func-
tional element upstream of the CRE/AP-1 site [141]. ChIP analysis using mouse
granulosa-luteal cells showed that C/EBPf} was recruited to the StAR promoter with
no apparent increase in CREB/CREM association, indicating a tissue-specific dif-
ference in StAR regulation. These data are consistent with a switch in StAR regula-
tion from a CREB/CREM-mediated (cAMP-dependent) to AP-1-C/EBPB-mediated
(cAMP-independent) mechanism in the ovary.

While much less is known about regulation of human StAR promoter activity,
SF-1, GATA-4, and CREM remain important factors [78, 106—110]. The cAMP-
dependent response in H295R human adrenocortical cells is CREM-mediated, and
a CREM isoform has been shown to bind to the CRE/AP-1 element in the human
StAR promoter [78, 110]. Overexpression of AP-1 family members JunB-Fos/FosB
or JunB-ATF3 can transactivate StAR promoter-reporter gene expression in H295R
cells, most likely via binding to the CRE/AP-1 element [105]. However, sequence
differences in the CRE/AP-1 element between mouse and human StAR promoters
may influence transcription factor binding, and this may broaden the transcription
factor diversity for activating human StAR in response to different signaling path-
ways (Fig. 2.4b) [78].

Repression of StAR Transcription

In MA-10 mouse Leydig cells, a repressor complex composed of Sp3-mSin3A-
HDAC proteins assembles on the mouse StAR promoter ~150 bp upstream of the
CRE/AP-1 element [143]. Since the binding site for the repressor complex is not
conserved, this may represent a species-(promoter)-specific repression of mouse
StAR. In contrast, several repressor proteins have been shown to suppress StAR
transcription by both direct and indirect mechanisms in several model systems and
promoters. Repressor proteins can bind DNA and recruit corepressor complexes
(direct), or block a trans-activator protein from binding DNA (indirect), thereby
blocking assembly of a transcription initiation complex. The most extensively stud-
ied repressor for StAR is dosage sensitive sex reversal-adrenal hypoplasia congeni-
tal gene on the X chromosome gene 1 (Dax-1), a member of the nuclear receptor su-
perfamily. DAX-1 is atypical in that it lacks a DNA-binding domain and contains a
strong C-terminal repressor domain [144]. Expression patterns for DAX-1 and StAR
in steroidogenic cell types are inversely related, providing correlative support for
DAX-1 working as a repressor of StAR expression [145—153]. Despite the absence
of a classical DNA-binding domain, DAX-1 has been reported to bind to a hair-
pin loop formed within promoters, including the StAR promoter [147, 154], which
prevents SF-1 and/or NUR77 binding. In addition, direct SF-1-DAX-1 interactions
that tether DAX-1 to the promoter via DNA-bound SF-1 results in recruitment of
corepressor proteins and transcriptional repression of StAR [144, 154—156].
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Chicken ovalbumin upstream promoter transcription factor I and I (COUP-TF),
an orphan nuclear receptor, can function as either an activator or repressor protein
[157]. As a repressor, COUP-TF can compete with SF-1 for binding to the AGGT-
CA element and recruit a corepressor complex, thus blocking SF-1-mediated trans-
activation [157-159]. COUP-TF can bind to SF-1 elements in the STAR promoter
and overexpression of COUP-TF has been shown to block the hormone-stimulated
increase in bovine StAR mRNA and human StAR promoter activity in bovine ad-
renal glomerulosa cells [160]. Thus, both DAX-1 and COUP-TF can function to in-
terfere with SF-1 activation of the StAR promoter and represses StAR transcription.
One possible mechanism for switching from repression to activation is hormone
stimulation and activation of PKA resulting in decreased DAX-1 or COUP-TF ex-
pression, thereby allowing SF-1 and other factors to activate StAR gene expression
(Fig. 2.5) [146, 153, 160, 161].

FOXL2, a member of the forkhead/hepatocyte nuclear factor 3 (FKH/HNF3)
gene family, binds to the STAR proximal promoter (—42 bp) and represses StAR
activity in the mouse ovary [162]. As with the other repressors, StAR and FOXL2
expression levels are inversely related; StAR mRNA levels are low in granulosa
cells with high FOXL2. Differentiation of the follicle is associated with decreased
FOXL2 and increased StAR, thus, hormone-dependent signaling appears to result
in loss of a repressor and concomitant activation of transcription factors and coacti-
vators to control StAR expression [141].

c-Fos and Yin yang 1 (Y'Y'1) have both activator and repressor functions on StAR
promoter activity [78, 130, 163]. The rat StAR promoter has been well character-
ized for c-Fos, YY1, and DAX-1-mediated repression of StAR as a mechanism(s)
contributing to suppression of steroid hormone biosynthesis and regression of the
corpus luteum [130, 153, 163, 164]. Prostaglandin F2a (PGF2a) is a major signal-
ing molecule for luteal regression in the rat ovary and PGF2a treatment was shown
to increase c-Fos, YY1, and DAX-1 protein expression with subsequent repression
of StAR promoter activity by both direct and indirect mechanisms.

Post-Transcriptional Regulation of StAR Expression

Two major StAR transcripts are detected for most mammalian species due to use of
alternative polyadenylation sites in the 3'-UTR of the terminal exon [165] (Fig. 2.3).
The differential processing of the 3’-end produces a short and long form of StAR
mRNA with the long form retaining ~1800 nucleotides. The temporal pattern of
expression of the two major transcripts after cAMP-PKA activation shows that both
transcripts increase in parallel followed by a more rapid decrease in the long form
relative to the short form [84, 85, 107, 166—168]. However, the steady-state mRNA
levels, as determined by Northern blot analysis, indicates the short transcript is rela-
tively minor compared to the long transcript, suggesting a preference for processing
at the downstream polyadenylation site (84, 85, 107, 166—168]. The significance
of the longer 3'UTR length is the presence of AU-rich destabilizing elements [169]
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that are commonly found in short-lived transcripts, consistent with the temporal pat-
terns of expression observed with StAR long v short transcripts. The AURE-binding
protein, TIS11b (zinc finger protein, Znf36L1, also known as BRF1), binds to the
StAR AURE and facilitates mRNA degradation [170—172]. Classically, destabiliz-
ing element-binding proteins, such as TIS11b, function by recruiting de-capping
and deadenylation enzymes to initiate mRNA degradation although the mechanism
for StAR mRNA degradation remains to be determined. TIS11b expression in the
adrenal and gonads is increased by cAMP-PKA [170], providing a mechanism for
decreasing StAR steady-state mRNA levels as another control point to regulate
StAR protein levels in response to hormonal stimulation [173].

In addition to mRNA stability, the 3'UTR of StAR mRNA may serve to local-
ize the transcript to the mitochondria by binding to the A kinase anchor protein,
121 (AKAP 121; 174,175). AKAP 121 is a scaffold protein associated with mi-
tochondria that binds PKA regulatory subunits thereby localizing PKA to this or-
ganelle [176]. PKA was shown to be part of a protein complex at the mitochon-
dria outer membrane that also includes outer mitochondrial membrane translocator
protein (TSPO), TSPO-associated protein (PAP7, an AKAP family member), and
StAR[177]. The cAMP-dependent formation of this complex facilitates cholesterol
transfer into the mitochondria and the presence of StAR is an absolute requirement
for the function of this complex [177]. In the absence of AKAP121, StAR protein
expression is diminished in MA-10 mouse Leydig cells, suggesting StAR mRNA
localization to the outer mitochondrial membrane is important for efficient transla-
tion [97, 178]. Given that StAR mRNA may be recruited to the mitochondria by
AKAP-121 and that AKAP-PKA associate at the mitochondria, this would allow for
localized translation and posttranslational modification of StAR.

Summary

The journey from detecting four new protein spots by 2-D-PAGE after treatment of
rat adrenal cells or MA-10 mouse Leydig tumor cells with cAMP analogs to activate
PKA signaling to cloning the cDNA encoding the protein spans over a decade from
the early 1980s to 1994. However, as with all research, the work over this time was
building on seminal studies from the 1960s—1980s that provided the evidence for
an acute regulator of steroidogenesis which should fit the following criteria: trophic
hormone stimulation of steroidogenic cells should induce the rapid synthesis of a la-
bile protein(s), and that this newly synthesized protein(s) should function at the site
of mitochondria and facilitate the translocation of cholesterol across the mitochon-
drial membranes for delivery to the cytochrome P450 side chain cleavage enzyme
which catalyzes the conversion of cholesterol to pregnenolone for the first enzy-
matic step in steroidogenesis. StAR fits this description and an impressive amount
of work in the mid to late 1990s demonstrated that mutations in the StAR gene are
the genetic basis for lipoid CAH, StAR knockout mice are unable to produce steroid
hormones, and that StAR binds cholesterol and functions at the outer membrane of
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mitochondria for cholesterol transport into the organelle. Thus, relatively quickly,
key data confirmed StAR’s role as the acute regulator of steroidogenesis. Given
the importance of the criteria for new protein synthesis for the acute regulation of
steroidogenesis, understanding the molecular mechanisms that control the increase
in StAR expression following trophic hormone stimulation would be important for
understanding the mechanisms that control steroidogenesis. The cAMP responsive
region of mouse and human StAR promoter is a non-consensus CRE/AP-1 element
with overlapping specificity for members of the CREB/CREM and AP-1 protein
families. Thus, the cAMP-PKA-dependent control of StAR was found to be rather
complex and shown to occur in a species- and tissue-specific manner, driven mainly
by the potential species- and tissue-specific heterodimer formations between bZIP
CREB and AP-1 family members. Binding of other transcription factors, e.g., SF-1
and GATA-4, to their respective elements that are highly conserved between spe-
cies may influence binding of the bZIP heterodimer partners at the non-consensus
CRE/AP-1. Loss of transcriptional repression via loss of transcriptional repressor
proteins DAX-1 and/or COUP-TF is another mechanism that works in concert with
the direct activation mechanisms to promote the cAMP-PKA-dependent increase in
StAR expression. Lastly, StAR mRNA stability is controlled by the AURE-binding
protein, TIS11b, which binds to the StAR 3' UTR AURE and facilitates mRNA deg-
radation in a cAMP-PKA-dependent manner. Together these studies highlight the
importance for fine control of StAR expression and that altering the expression or
function of any of these transcription factors could influence StAR expression and
lead to cell-specific alterations in steroid hormone biosynthesis, which would have
implications for development and reproduction.
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Chapter 3
START Domain Protein Structure and Ligand
Specificity

Danny Létourneau, Pierre Lavigne, Andrée Lefebvre and Jean-Guy LeHoux

Abstract The steroidogenic acute regulatory protein (StAR)-related lipid transfer
(START) domain is an a-helix/B-grip fold module of approximately 210 amino
acids that binds a broad variety of lipids and sterols. START domain proteins have
various expression patterns and cellular localizations and are involved in lipid
metabolism, lipid transfer, and cell signalling. The a-helix/B-grip tertiary struc-
ture delimits an internal cavity forming the binding site. However, the determi-
nants that dictate ligand specificity and the mechanism of ligand entry and exit
are ill-defined. Herein, we review and discuss the current knowledge on ligand
specificity and reversible binding mechanism by START domains from a structural,
dynamical, and thermodynamical viewpoint. More specifically, we highlight that
the START domains involved in sterol (STARD1, STARD3, STARD4, STARDS,
and STARD®6) and lipid (STARD2 and STARD11) binding have conserved residues
that play a structural role in the formation of a cavity that fits the shape of their spe-
cific ligands. We also expose a correlation between structural fluctuations reported
to occur in secondary and tertiary structure elements of START domains and we
suggest conformational changes to allow for entry and exit of ligands.

From the START: Historical Background

For many years, Prof. Jean-Guy LeHoux’s research group has been studying the
control of mineralo- and gluco-corticoids biosynthesis both in vivo and in vitro.
Among other achievements, they have shown that in animals on a low sodium diet,
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angiotensin II increases the transformation of cholesterol to pregnenolone in adre-
nals [1] and that adrenocorticotropic hormone (ACTH) also enhances this conver-
sion [2].

Early studies had already suggested that the conversion of cholesterol to preg-
nenolone, by the cytochrome P450 side chain cleavage enzyme system (P450scc),
was the rate-limiting step of the steroidogenesis pathway [3, 4]. It was subse-
quently established that newly synthesized and unstable (short-lived) proteins
mediated the acute steroidogenic response upon ACTH stimulation [3, 5, 6],
without affecting P450scc activity [7]. Hence, the transport of cholesterol into
mitochondria, and not P450scc activity, was thus shown to be the rate-limiting
step in the metabolism of cholesterol to pregnenolone. Subsequent work by the
group of Orme-Johnson covering the period of 1983—1991 clearly established the
existence of a family of phosphoproteins, ranging between 28—32 kDa in size, ful-
filled the requirements of the postulated labile steroidogenic stimulatory protein
in various steroidogenic tissues [8, 9]. In 1994, purification of a 30 kDa proteins
from MA-10 cells by Clark et al. [10] allowed the cloning of its complementary
deoxyribonucleic acid (¢cDNA). These authors found that this novel protein was
required in the acute regulation of steroidogenesis and they proposed to name it
steroidogenic acute regulatory (StAR, herein named STARDI1) protein. Lin et al.
[11] reported a mutated and non-functional STARDI1 in three individuals with
lipoid congenital adrenal hyperplasia, a disorder that is characterized by impaired
gonadal and adrenal steroidogenesis. This salient work ignited our interest in the
quest of a detailed understanding of the molecular and structural basis of the func-
tion and dysfunction of STARDI.

The cloning of STARD1 cDNA was subsequently reported for other species,
including the hamster by our group [12]. Indirect immunofluorescence of adrenal
paraffin sections revealed the presence of STARDI in the adrenal zonae glomeru-
losa, fasciculata, and reticularis. The level of STARDI messenger ribonucleic
acid (mRNA) in both adrenal zones were increased within minutes after ACTH
administration in animals [12] indicating that in vivo ACTH regulates STARDI
mRNA synthesis. Colloidal-gold electron microscopic studies on thin rat adrenal
sections revealed that more than 98 % of positive STARD1 labeling was located
over mitochondria [13]. Like in human, removal of the hamster STARD1 mito-
chondrial import sequence does not affect steroidogenesis [14], indicating that
STARDI can act on the outer mitochondrial membrane. STARD1 phosphoryla-
tion is essential for its activity. STARDI transected COS-1 cells were incubated
with [*3P]orthophosphate; following immunoprecipitation and immunoblotting,
we found two 33P-labeled protein bands migrating at the same level as STARDI1
[14]. After digestion of these bands with hydrochloric acid (HCI) and separa-
tion by chromatography, STARD1 was found phosphorylated mainly on serine
residues and to a much lower extent on threonine residues. Directed mutagen-
esis, immunoblotting with an anti-phospho-(S/T), and STARD1 activity experi-
ments revealed that serine residues 194, 55, and 56 (in hamster) are important
phosphorylation sites. In parallel and in order to get a deeper understanding of the
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specificity and mechanism of ligand (sterol) binding and dissociation, we initi-
ated, 14 years ago, the detailed characterization of the structure, the dynamics,
and thermodynamics of START domain proteins in absence and presence of li-
gands. With Prof. Pierre Lavigne, we joined our efforts to solve the structure and
the mechanism of cholesterol binding of STARD1, STARDS, and STARD6. We
reported the first 3D homology model of STARDI1 [15] based on the crystal struc-
ture of metastatic lymph node 64 protein (MLN-64; STARD3; [16]) and revealed
the presence of an internal cavity with the shape of one cholesterol molecule.
Ten years after, this model was proven to be almost identical with the crystal
structure recently solved by Thorsell et al. [17]. Using structural thermodynami-
cal calculations, we proposed that in absence of ligand, the water-filled cavity of
STARDI (and other START domains) would promote the local unfolding of the
C-terminal helix and hence the population of a partially folded state that would
allow access of cholesterol to the internal cavity otherwise inaccessible. As de-
tailed in the chapter, this model was subsequently supported by thermodynamical
and functional studies from two different laboratories (ours and Walter Miller’s)
on STARD1 mutants designed to promote or reduce the opening of the STARDI1
tertiary structure. Shortly afterwards and based on steered molecular dynamics
simulation, an alternative model was also proposed by Murcia et al. [18]. Accord-
ing to this model, structural fluctuations in the Omega-1 loop are suggested to
give access and allow exit from the internal cavity of STARD1 and STARD3. To
date, no irrefutable data exist to conclude on the exact mechanism of ligand entry
and exit from the cavity of START domains for the STARD1 and STARD4 sub-
families. With Dr. Danny Létourneau, we are presently completing the structure,
dynamics, and thermodynamical analysis of STARD1, STARDS, and STARD 6 in
solution using nuclear magnetic resonance spectroscopy in order to provide more
conclusive experimental insights into the mechanism of ligand binding.

Introduction

The steroidogenic acute regulatory protein (StAR)-related lipid transfer (START)
domain is an a-helix/B-grip fold module of approximately 210 amino acids [16, 19];
START domain proteins bind a wide variety of lipids and sterols [20]. The a-helix/f3-
grip tertiary structure delimits an internal cavity forming the binding site (Fig. 3.1a;
[21]). Absent in yeast and archaea, START domain proteins are expressed in plants
and animals and are conserved through evolution. In plants, START domain pro-
teins are often found in homeodomains and thus play a role in gene expression [20].
In vertebrates, multi-domain proteins containing a START domain are frequent and
are involved in protein localization, enzymatic activity, and cell signalling [19, 22].
In humans, 15 different proteins possess a START domain [23] and are divided in
six subfamilies [24]. These proteins have various expression patterns and cellular
localizations and are involved in lipid metabolism, lipid transfer, and cell signalling.
The cellular functions and ligands of the mammalian START containing proteins
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Fig. 3.1 Structure of the START domain. a X-ray structure of STARDS (PDB: 2R55). Some miss-
ing residues (Ala’!, Val’?, Gly'%, and E'%®) in the X-ray structure have been modeled as described
[44]. b Stereo view of the superposition of the backbone traces from crystal structures of six START
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were reviewed elsewhere [23, 24]. In this chapter, we provide a brief description
of the six mammalian subfamilies followed by a structural perspective for ligand-
binding specificity.

STARDI Subfamily

This subfamily constitutes the membrane-targeted member of cholesterol- and
oxysterol-binding START proteins. The archetypical START domain STARDI
(StAR) is essential for cholesterol transfer into mitochondria of steroidogenic tis-
sues and possesses a mitochondrial signal sequence [10, 11, 25-34]. Mutations in
the STARDI1 gene can result in a lethal disease called congenital lipoid adrenal
hyperplasia (lipoidCAH; [11, 25, 26, 28, 31]).

The second STARDI subfamily member, STARD3 (metastatic lymph node 64,
MLNG64), binds cholesterol and is targeted to membranes of the late endosomes by
an N-terminal domain [16]. STARD1 and STARD?3 cellular localization is evoca-
tive of their different roles in cellular cholesterol trafficking [35].

STARD4 Subfamily

STARD4/STARDS/STARD6, members of STARD4 subfamily are closely related
to the STARD1/STARD?3 subfamily [36]. They are soluble sterol-binding proteins
composed essentially of a START domain without specific organelle-targeting se-
quence.

STARD4 binds cholesterol, 7-hydroperoxycholesterol and 7a-hydroxycholesterol
[37, 38]. Expressed in liver and kidneys [36], keratinocytes [39], Kupffer cells, and
hepatocytes [40], STARDA4 is an important component of cholesterol transport and
homeostasis. STARD4 overexpression in mouse hepatocytes leads to an increase in
intracellular cholesteryl esters by delivering cholesterol to the esterification enzyme
Acyl-CoA: cholesterol acyltransferase-1 [38, 40].

STARDS is expressed in liver Kupffer cells, kidneys, heart [36], and in immune-
related cells (macrophages, monocytes, promyelocytic cells, mast cells, and baso-
phils; [41]). In vitro, STARDS was reported to bind radiolabeled cholesterol and
25-hydroxycholesterol [36, 38] although interestingly, it does not transfer choles-

domains from 3 different subfamilies (hlue, STARDS (2R55_A); cyan, STARD4 (1JSS_A); green,
STARDI1 (3POL_A); yellow, STARD3 (1IEM2_A); orange, STARD2 (1LN1_A); red, STARDI1
(2EM3_A)). ¢ Sequence alignment of human STARDI1, STARD3, STARD4, STARDS, STARD?2,
and STARDI11 The structure-based sequence alignment of START domains was performed within
Pymol (http://www.pymol.org/) with CE alignment [80] and formatted for display in Jalview [81]
Names and labels are those available in the Protein Data Bank (PDB) access codes. Secondary
structure elements of STARDS are numbered and shown on top Black circles (®) indicate posi-
tion of the salt-bridge in a3-helix and open circles (0) specify the position of the salt-bridge in
STARDI1 and STARD3 START steroidogenic-acute-regulatory-protein-related lipid transfer, CE
combinatorial extension
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terol to mitochondria [42]. However, we recently demonstrated that STARDS is a
bile acid-binding domain rather than a cholesterol-binding domain [43, 44]. Subcel-
lular localization data point to a broad cellular distribution, e.g., cytoplasm, plasma
membrane (PM), Golgi, endoplasmic reticulum (ER), for STARDS in macrophages
and renal proximal tubules [24, 41, 45, 46].

STARDG, the third member of the STARD4 subfamily, also binds cholesterol
[47, 48]. This START domain protein was first detected in testis germinal cells, sug-
gesting a role during germ cell maturation [36, 49-51]. STARDG is also expressed
in Purkinje cells of the nervous system [49, 52, 53]; it has been hypothesized that
STARDG in conjunction with neurosteroids can participate in the development of
these cells [54, 55].

STARD2/PCTP Subfamily

This subfamily is composed of phospholipid/sphingolipid-binding START proteins.
STARD2, STARD7, and STARD10 bind phosphatidylcholine (PC) and STARD11
binds ceramide. STARD?2 specifically transfers/exchanges PC from the ER to the
PM. The crystal structure of STARD2 bound to PC shows the classical o-helix/fB-
grip fold defining a large hydrophobic cavity. The binding specificity is provided by
the choline head group and the binding cavity can accommodate PC with saturated
or unsaturated acyl groups of different lengths [56].

STARD7, synthesized as a larger precursor protein and processed to a mature
protein, can undergo posttranslational modifications that modulate its functionality
[57]. STARD?7 has a role in modulating trophoblast cell proliferation, migration,
and differentiation [58]. STARD7 extracts PC from the cytoplasmic surfaces of the
ER, Golgi apparatus, or PM and delivers it to mitochondria [59].

The third member of this family, STARD10, is highly expressed in the liver and
is thought to be involved in regulating bile acid metabolism through the modula-
tion of PPAR o-mediated mechanisms [60]. STARD10 selectively transfers PC and
phosphatidylethanolamine and preferentially selects phospholipid species contain-
ing a palmitoyl or stearoyl fatty acyl chain at the sn-1 position and an unsaturated
fatty acyl chain (18:1 or 18:2) at the sn-2 position [61].

STARDI11, commonly known as ceramide transfer protein (CERT), contains
additional motifs for cellular localization and is responsible for the movement of
ceramides from the ER to the Golgi membrane [62, 63]. The crystal structure of the
STARDI11 confirms the a-helix/B-grip fold structure for ceramide binding and sup-
ports a mechanism for membrane interaction and ceramide extraction/absorption
[64, 65]. STARDI1 has strict substrate specificity for ceramides with flexibility for
their natural isoforms [66]. Polar groups of ceramides participate in a hydrogen-
bonding network with specific amino acid residues in the STARDII cavity, and
depending on the molecular ceramide species, different sets of amino acid residues
contribute to the hydrophobic interactions with the ceramide hydrocarbon chains
[65].
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STARDS/STARD12/STARDI13: The Sterile a Motif
(SAM)-RhoGAP-START Subfamily

Commonly referred to as the deleted in liver cancer (DLC) family of proteins, this
subfamily is characterized by a multi-domain structure that consists of an N-termi-
nal sterile o motif (SAM) followed by a serine-rich region, a RhoGAP domain, and
a C-terminal START domain (reviewed in [24]). The functions associated with this
subfamily have been attributed mainly to the RhoGAP domain and the role of the
START domain is not known. These proteins have tumor suppressor activities [67—
69] and focal adhesion localization [70, 71]. The crystal structure for STARD13
(DLC-2) indicates the presence of a smaller binding pocket containing polar resi-
dues, making it different from the cholesterol and phospholipid START proteins
cavities. The authors propose that a charged lipid would be a likely ligand-binding
candidate [17].

STARDI14/STARDI15: The acyl-CoA Thioesterase Subfamily

The acyl-coenzyme A thioesterase (ACOT) subfamily members STARDI14 and
STARDI15 are also multi-domain START proteins. The ACOT family members
hydrolyze the thioester bond of fatty acyl-CoAs to generate free fatty acids and
coenzyme A [72]. ACOT11 (STARD14) and ACOT12 (STARDI15) are distinctive
as they contain C-terminal START domains in addition to the tandem N-terminal
hot dog-fold domains [72—74]. The STARD14 crystal structure shows that the C-
terminal a-helix is broken into two shorter helices and a unique N-terminal helix
(a0) acts as a linker to the thioesterase domain [17]. Electron density reminiscent of
a fatty acid filled the binding cavity in the crystal, but the actual ligand is unknown.

STARDY: A Kinesin-3 Family Member

STARD?Y is another multi-domain START protein belonging to the kinesin-3 family
[75] that is implicated in transporting vesicles and organelles [76—78]. STARDO has
a C-terminal START domain predicted to bind phospholipids and/or sterols [23]
although its actual ligand and functions are still unknown.

Many aspects of the structure-function of START domains remain to be ex-
plored. Namely, the structural determinants for ligand selectivity and affinity are not
well defined and the mechanism through which START domains allow for the entry
and exit of ligands also remain elusive. In this chapter we will provide an update on
those issues from the existing data in the literature.
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Mammalian START Domain Structures

The crystal structures of eight mammalian START domains have been solved so
far: STARDI1 [17], STARD2 [56], STARD3 [16], STARD4 [79], STARDS [17],
STARDI11 [65], STARDI13, and STARDI5 [17]. STARDI1 is the only START do-
main for which the apo- and ligand-bound structures are known. Of all the START do-
main proteins reported to bind sterols, only STARD6 remains to be solved. We have
recently completed the chemical shift assignments (Biological Magnetic Resonance
Data Bank (BMRB) 18777) of the START domain of STARD6 and are in the pro-
cess of refining its solution nuclear magnetic resonance (NMR) structure. The chemi-
cal shifts and initial structure demonstrate that the START domain of STARDG also
adopts the conserved a-helix/B-grip fold. Apart from deletions and insertions in loops,
the structures of all the START domains are very similar; we show in Fig. 3.1b the
superposition of the backbone of STARD1, STARD2, STARD3, STARD4, STARDS,
and STARDI11. The backbone of these START domains superimposes onto each other
with pairwise root mean square deviations (RMSDs) less than 3.0 A. Whereas the
structures of the START domains of STARD2 and STARD11 have been solved with
lipidic ligands (e.g., PC (STARD2), ceramides and synthetic analogs ((1R,3R)-N-(3-
Hydroxy-1-hydroxymethyl-3-phenylpropyl)alkanamide (HPA); STARDI1)), no
structure of a START domain-sterol complex is currently available. Hence, the deter-
minants of the specificity of STARD1, STARD3, STARD4, STARDS, and STARD6
towards cholesterol or other sterols remain to be unravelled.

The Determinants of Ligand-Binding Specificity
of START Domains

Subsequent to the first structure determination for a START domain, it was suggested
that the shape of the cavity had to play an important role in ligand specificity. To il-
lustrate this, we present the molecular surface of the STARDI cavity containing one
cholesterol molecule (Fig. 3.2a). As can be seen, the shape of the cavity matches
perfectly the cholesterol molecule. This implies that limited structural changes are
expected upon ligand binding. Indeed, in STARDI1, very little changes in side-chain
conformations were observed between the apo- and ceramide-bound cavities: besides
a reorientation of Trp 473 in the Q1 loop in the (1R,3R)-N-(3-Hydroxy-1-hydroxy-
methyl-3-phenylpropyl) alkanamide (HPA)-bound structure, the side-chain confor-
mation, and the cavities are very similar [64]. Interestingly, mutations of Trp 473 and
Trp 562 near the C-terminal helix reduce membrane binding and ceramide transport
in in vitro assays [64].

Models of cholesterol complexes for STARDI [15, 18, 82], STARD3 [16, 18],
and STARDS [17] have been proposed from molecular docking and molecular
dynamics simulations. In STARD1 and STARD3 models, the presence of a con-
served salt-bridge at the bottom of the cavity between an acidic residue (Glul69/
STARD1 and Asp332/STARD3) and a basic residue (Argl 88/STARD1 and Arg351/
STARD?3) was proposed to be a key determinant for cholesterol binding [15, 16].
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Fig. 3.2 Binding site of the START domain. a Model of STARDlin complex with cholesterol
(PDB: 2193; [18]). The cavity surface is displayed and the conserved salt-bridges at the bottom of
the cavity between Glul169 and Arg188 are shown. b Cavity comparison of STARD1 and STARD4
subfamily members. ¢ Comparison between cavities of STARD1 and STARDI11. d Comparison
between cavities of STARD1 and STARD2 Colors and PDB files are the same as in Fig. 3.1. The
figure was created with Pymol (http://www.pymol.org/) START steroidogenic-acute-regulatory-
protein-related lipid transfer

More precisely, the C3-hydroxyl group of cholesterol could form a specific interac-
tion with the guanidino group of the conserved arginine (Fig. 3.2a). This salt-bridge
is not conserved in the STARD4 subfamily (Fig. 3.1c). It has also been suggested
that the cholesterol C3-hydroxyl group (OH) could alternately and/or concomitant-
ly interact with the backbone carboxylic group (CO) of Leul99 in STARDI and the
side-chain OH of Ser362, directly or via a structural water molecule [18]. Similarly,
Thorsell et al., have presented a model of STARDS-cholesterol complex in which
the cholesterol OH interacts with the side-chain OH of Ser132 and the backbone CO
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of Val68 [17]. Besides the salt-bridge in STARD1 and STARD3, all other proposed
binding determinants are located at the bottom of the cavity and superimpose in the
primary and tertiary structures. In the model by Thorsell et al., the OH of cholesterol
is in close proximity to an arginine-guanidino group that is part of a salt-bridge in
helix a3-(Fig. 3.1c; [17]). Notably, this ion pair is structurally conserved in the a3-
helix of other mammalian START domain proteins, except for STARD1, STARD3,
and STARDO.

It should be noted that the residues forming the cavity are by no means strictly
hydrophobic; many side chains with H-bond donors and acceptors line the cavity.
This is exemplified in the structure of STARDI11 in complex with ceramides; the
polar head group of the ceramide within STARD11 is located at the bottom of the
cavity where the cholesterol OH is proposed to be buried in STARD1 and STARD3
[15, 16, 18]. More precisely, R442 (a3), E446 (03), Q467 (B5), N504 (B7) and Y553
(B9) are involved in the stabilization of the polar head-groups through H-bonds [64].
Comparable interactions involving structurally conserved ion pairs and the polar
head group of PC are observed in STARD2 [56]. As discussed by Kudo, although
ceramides and PC have somewhat similar polar head groups, the STARD11 cavity
is too small to accommodate a PC molecule [64]. This reinforces the hypothesis that
the ligand specificity displayed by START domains relies on the shape of the cavity
and on the formation of polar interactions with the side chains inside the cavity. To
further validate this hypothesis, we compared the shape and size of the cavity of the
apo-form of STARD11 with those of STARD1, STARD3, STARD4, and STARDS
that bind sterols. As shown in Fig. 3.2b—d, the shape and position of the cavities
are different; the cavities in STARDI1, STARD3, STARD4, and STARDS expand
deeper towards the bottom. Upon inspection of the side chains present in the bot-
tom depression, highly conserved proline, phenylalanine, and arginine residues as
well as the presence of relatively small side chains are observed. Hence, START
domains involved in sterol binding have conserved residues that play a structural
role in the formation of a cavity that fits the shape of sterol molecules. For STARD1
and STARD4 subfamily members, the structural determinants of sterol binding and
specificity point to an intricate interplay between surface complementarity (van der
Wall interactions) and H-bonds.

STARDI1, STARDS, and STARDG6 Ligand Binding
Monitored by NMR

Using NMR, we have recently identified residues in STARDS, STARDG6, and
STARDI that are involved in their interaction with sterols. More precisely, we used
the heteronuclear single quantum coherence ("H-'"N-HSQC) experiment to monitor
the binding of cholesterol to STARD1 and STARDG6 and bile acids to STARDS [48].
'H-'"N-HSQC are 2D heteronuclear NMR spectra where the correlation between
protons and nitrogen nuclei in the backbone and side chain NH and NH2 moi-
eties are recorded. The position (chemical shift) of the correlations (cross-peaks)
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depends on the local magnetic environment provided by the structure of a protein
or complex. Generally, residues that participate in intermolecular interactions will
experience a change in their local environment due to the presence of a ligand.
Hence, if there is an interaction between a START domain and a ligand inside the
cavity, the position of the cross-peaks of the residues involved in the interaction
will be perturbed on the 'H-'"N-HSQC spectrum. Such residues can be identified
unambiguously if the sequence-specific assignments of the chemical shifts of the
backbone atoms are available. Using such an approach, it is possible to identify
the binding site of a ligand on a protein through titration. In this regard, we have
recently completed these assignments for STARDS [83] and STARD6 (BMRB en-
try 18777). Finally, long-range (or allosteric) effects can also induce chemical shift
changes away from and within the binding site [84].

We have used “soluble cholesterol” in complex with methyl-B-cyclodextrine (-
CD) to titrate cholesterol in STARD1, STARDS, and STARD6. The "H-"N-HSQC
of STARDI1 and STARDG are perturbed when titrated with cholesterol (Fig. 3.3a
and b; [48, 85]). Binding was also demonstrated by circular dichroism, which
showed an increase of thermodynamic stability of the START domain of STARDI
[86] and STARDG6 [47] upon cholesterol addition. However, under similar condi-
tions, cholesterol addition to STARDS did not induce any apparent changes either in
the 'H-'N-HSQC (Fig. 3.3¢) or in its temperature denaturation curve [44]. Such re-
sults were unexpected since STARDS has been reported to bind cholesterol [37, 38].

Modeling of the Complex Between STARDS5 Primary
and Secondary Bile Acids

Given that STARDS did not bind cholesterol, we investigated more soluble li-
gands such as bile acids. The rationale of our choice was motivated by the fact
that STARDS is expressed in tissues and cells that are exposed to bile acids. We
found that STARDS specifically binds primary and secondary bile acids [43, 44].
The chemical shift perturbations of STARDS residues following chenodeoxycholic
acid (CDCA) titrations are shown in Fig. 3.3d. These residues circumscribe the
binding site of STARDS and only a few residues with significant chemical shift dis-
placements (CSD) are located away from the cavity, i.e., in f1-, f2- and f3-strands
(Fig. 3.4a and b). This indicates that the conformational changes upon binding are
minimal and most likely limited to the side chains involved in the binding. Using
molecular docking in conjunction with CSD data, we have modeled the interactions
between STARDS and CDCA (Fig. 3.4c; [44]). In the selected poses, all the hydrox-
yls of the ligand were involved in H-bonds with residues inside the cavity. Moreover,
the ligand carboxylate was surrounded by amino acid side chains such as Thr, Ser,
and Arg, which can contribute to their stabilization through H-bonds (Fig. 3.4c¢).
The residues most perturbed by the presence of ligands are located around Arg76
(a3), Asp80 (B4), Ser132 (B7), Cys158 (B9), Thr178 and Ser196 (Fig. 3.4c). It is
interesting to note that similarly to the STARDS-cholesterol complex model [17],
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Fig. 3.3 Sterol binding to START domain. 'H-"*N-HSQC spectra of STARDI (a), STARD6 (b),
and STARDS (¢) in presence of cholesterol. The human recombinant STARDI (N-62 StAR),
STARDS3, and STARD6 with a 6x-histidine tag at the carboxy-terminus was labeled with "N
and purified (black). Proteins were incubated with soluble cholesterol (cholesterol complexed
with methyl-B-cyclodextrin; red) at a 2:1 ratio of cholesterol:protein. Excluding STARDS, several
peaks show chemical shift displacements upon cholesterol addition (red). Assigned amino acid
residues are numbered in each panel. d 'H-""N-HSQC spectrum of STARDS in presence of CDCA
at 2:1 ratio of CDCA:protein (Reprinted from Letourneau D, Lefebvre A, Lavigne P, LeHoux JG.
STARDS specific ligand binding: comparison with STARDI and STARD4 subfamilies. Mol Cell
Endocrinol. 2013 May 22;371(1-2):20-5, with permission from Elsevier) START steroidogenic-
acute-regulatory-protein-related lipid transfer, HSQC heteronuclear single quantum coherence,
CDCA chenodeoxycholic acid

H-bonds between the C3-hydroxyl of CDCA and the y-hydroxyl of Ser132 and the
carboxyl of Val68 are observed in our STARDS-bile acid complex. Noteworthy,
the hydrophilic face (containing hydroxyl groups) of CDCA is projected towards
the salt-bridge between Arg76 (a3) and Asp80 (B4), suggesting an important role
for interaction with the polar parts of ligands for the STARD2 and STARD4 sub-
families. Moreover, the C24-carboxylate accepts H-bonds from Thr103 and Thr178
y1-hydroxyl group leading to the internal solvation of this ionizable moiety. Actu-
ally, the intra-molecular salt-bridge between Arg76 and Asp80 could be responsible
for the observed CSDs of adjacent residues (Glu81, Asn82, Val83, and Thr84). The
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specific binding of bile acids to STARDS has been further validated by isothermal
titration calorimetry (ITC) and circular dichroism (CD; [43, 44]). For a more de-
tailed discussion of the potential biological relevance of the interaction between
STARDS and bile acids see the following references [43, 44].

Overall, the existing structural data does not allow straightforward identification
of specific features for ligand selectivity. In this regard, it appears that residues in
the binding site of STARD1, STARD2, and STARD4 subfamilies define the shape
of the cavity, rather than being only a specific set of spatially positioned H-bond
donors and acceptors. This indicates that a START domain selectivity for ligands
is based predominantly on structural features such as the volume and the shape of
ligands.

Ligand Binding and Dissociation Mechanisms

As discussed above, the START domains reported to bind sterols have an internal
cavity with a shape that can accommodate a ligand. In this section, we focus on the
binding mechanism (entry and exit) of sterols by START domains from structural,
dynamical, and thermodynamical point of views.

Cholesterol at the end of the Tunnel

As the structure of the apo-form of STARD3 was first solved by Tsujishita and Hur-
ley [16], the presence of a tunnel-like cavity was unveiled. The authors emphasized
the fact that START domains were perfectly designed to bind (or solubilize) single
lipid molecules. Based on the fact that STARD1 and STARD3 belong to the same
subfamily, they have proposed the existence of such a tunnel in the START domain
of STARDI. They also suggested a shuttling mechanism of cholesterol molecules
between the outer and inner membrane of mitochondria through that tunnel. This
mechanism has since been contested; indeed, when hydrogen atoms (absent from
the crystallographic data) are added to STARD1 and STARD3 Protein Data Bank
(PDB) files, then more confined cavities are calculated. However, Tsujishita and
Hurley also hypothesized the necessity of conformational changes involving the
C-terminal helix and/or the Q1 loop for delivery of sterol molecules [16].

The Intermediate State Model

In 2002, we proposed an alternative mechanism for the reversible binding of choles-
terol by N62-STARD1, the STARDI protein lacking the amino terminal 62 amino
acids [15]. Based on the fact that internal cavities destabilize tertiary structures and
that the C-terminal helix could move independently from the rest of the molecule,
we hypothesized the existence of an intermediate state with the N-terminus intact
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and the C-terminal helix undergoing a small and reversible local unfolding that is
independent of global unfolding [15, 86, 87]. In this intermediate state, the choles-
terol-binding site would become accessible and facilitate cholesterol recognition
and dissociation. When a cholesterol molecule is in the binding site, the refolding
of the C-terminal helix leads to a stable protein; with a lifetime long enough to
carry and deliver cholesterol to its target organelle membrane and/or transporter
(see [88]).

Experimental Validation of the Intermediate State Model

Over the past decade, many studies have provided support for the intermediate state
model for STARDI [15, 18, 32, 33, 86, 87, 89, 90]. Indeed, restricting the move-
ment of the C-terminal of N62-STARD1 hampers its cholesterol-binding affinity
and its ability to transfer cholesterol inside mitochondria as determined by pregnen-
olone production in vitro. Covalently linking helix 4 to the loop between B-strands
1 and 2 with disulfide bridges (S100C/S261C and D106C/A268C) resulted in a
decrease of STARDI cholesterol binding and steroidogenic activity [89]. Adding a
reducing agent, however, restored the cholesterol-binding capacity and function of
the protein.

CD Spectropolarimetry

The existence of an intermediate state in equilibrium with the native state of N62-
STARDI1 was further demonstrated by CD. As described in Roostaee et al., the
far-UV CD spectrum of N62-STARD1 with an equimolar concentration of choles-
terol induces more negative molar ellipticities than control, indicative of an increase
in secondary structure (o and/or B; [86]). Moreover, the presence of an isosbestic
point at 203 nm strongly suggests that cholesterol addition stabilizes the C-terminus
into an a-helix configuration rather than a random coil structure. In addition, the
melting temperature of the cholesterol-N62-STARD1 (1:1) complex is increased
compared to the free construct [86]. Finally, by monitoring the increase in a-helical
content at 222 nm, we have titrated N62-STARD1 with cholesterol and confirmed
that STARD1 binds cholesterol in a 1:1 stoichiometry with apparent affinity of
~3x1078 M [86].

Solution-state NMR

In our effort to solve the solution structure of N62-STARD1 we are in the pro-
cess of completing the assignments of its backbone chemical shifts (‘H, '3C, and
5N). Up to now, we have been able to assign 70 % of the resonances. Most of the
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missing assignments are located in a4-helix. The difficulty resides in the fact that
the resonances are either missing, overlapped, or broadened. This is representa-
tive of a helix that is either unfolded and/or undergoing ms-ms conformational
exchange. While this is not a bona fide proof of the existence of the intermediate
state, it strongly suggests that a4-helix is undergoing local unfolding or motions
independent of the rest of the protein. The validation of this hypothesis will ne-
cessitate the completion of the backbone assignment and the characterization of
the backbone molecular dynamic on the ps-ns and ms-ms timescale using spin
relaxation methods.

The Molten Globule Hypothesis

In the late 1990s, Walter Miller’s group discovered that the N62-STARDI1 do-
main behaved like a molten globule at acidic pH (from pH 4.5 to 3). Whereas the
amount of secondary structure did not significantly change from pH 4.5 to 3, the
thermodynamic stability at 25°C (i.e., AG® (25°)) of the N62- STARDI1 decreased
significantly [90]. Note that the stability of N62-STARD1 as measured by urea
denaturation was observed to be constant from pH 8.3 to 4.5. This means that while
the secondary structure is maintained as pH is decreased, the amount of tertiary
structure is diminished at pH values lower than 4.5. This is in agreement with the
existence of a molten globule, i.e., a protein with native-like secondary structure
and a loosely packed tertiary structure [91]. In addition, it was found that the C-
terminal region (193-285) was less protected from proteolysis at acidic pH than
the N-terminus (63—188; [42, 90]). These data lead to the hypothesis that low pH
at or near the surface of mitochondria induces a molten globular state of STARDI
with the N-terminus more tightly folded than the C-terminus and that this state is
involved in cholesterol binding and transfer to the inner membrane of mitochondria.
However, it is hard to reason that such a low pH value (4.5) can be achieved near
mitochondria and more importantly, how a molten globule state can specifically
bind cholesterol or any other ligand [32].

In order to evaluate the possibility that the molten globular state of N62-
STARDI can bind cholesterol, we have analyzed its thermodynamical stability
with and without cholesterol using CD [86]. We reasoned that if cholesterol
binds to the molten globule state, then the apparent thermodynamical stability
of N62-STARD1 should be increased by the stabilization free energy provided
by cholesterol binding. The far-UV CD spectra of N62-STARD1 displayed a
sizable content of secondary structure at acidic pH. However, as indicated by
the lack of cooperativity on temperature denaturation curves monitored by CD,
N62-STARDI is devoid of stable tertiary structure. In addition, this lack of co-
operativity is persistent in the presence of cholesterol. These data indicate that
the molten globule state cannot provide the minimal tertiary structure necessary
for cholesterol binding.
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Q1-Loop and a3-Helix Gating

In 2006, Murcia et al., proposed another mechanism for STARD1 cholesterol bind-
ing and release [18]. After cholesterol docking in the STARD3 structure and in a
STARDI model, these authors proceeded to molecular dynamics simulations for cho-
lesterol exit from the internal cavity. By steering the dissociation of cholesterol from
the START domains, they demonstrated that exit was possible through a path cre-
ated by a conformational change (opening) in the Q1-loop. It was also assumed that
ligand entry would follow the same route. However, although molecular dynamics
simulations reported by this group suggest the presence of movements in the Q-loop,
experimental validation is necessary to confirm the presence of such movement for
entry and exit paths.

In this regard, Kudo et al., have reported high crystallographic B-factors in the
Ql-loop and to a lesser extent in a3-helix of STARDI1 [64]. High B-factors are
caused by structural flexibility of the scattering electron shells of the nuclei of the
protein in the crystal and are proportional to the amplitude of motions. Although
B-factors do not report on the motion time scale, they are real molecular motions.
Thus, these data support the presence of motions in the Q1-loop and a possible role
of the loop in gating the ligand entry and exit into the START domain internal cav-
ity. It should be noted that the molecular motions unveiled by B-factors will depend
on the crystal packing within and between the unit cells. Based on this observation,
Kudo et al., proposed that movements in the Q1-loop and a3-helix could act as a
gate for ligand entry and exit. Irrespective of the time-scale, movements of high
amplitude in the Q1-loop and a3-helix will weaken the tertiary interaction stabiliz-
ing the C-terminal helix in its folded conformation.

We have recently monitored the molecular dynamics of the backbone NH chemi-
cal shift of the apo-form of STARDS on the ps-ns time scale by >N spin relaxation
(i.e., heteronuclear {'H}-'*N NORE). Significant movements in the a3-helix and to
a lesser extent in the Q1-loop are noted on this time scale. Interestingly, the loca-
tion of a more mobile backbone NH is in accordance with higher B-factors location
taken from the X-ray analysis of the apo-form of STARDS (PDB: 2RS55). A simi-
lar distribution of molecular motions in STARD6 has been recorded (unpublished
data). Taken together, experimental data and simulations reviewed in this section
support the presence of mobility in Q1-loop and a3-helix on the ps-ns time scale.

Towards a Unified Model for the Binding and Delivery
of Cholesterol and Lipids

Although movements on the ps-ns time scale in a complex between a START do-
main and a molecule of cholesterol can be expected to lead to the exit of the ligand,
it is still puzzling how such fast librations could allow for the entry. It seems logical
that larger conformational changes would be needed in order to let the ligand diffuse



66 D. Létourneau et al.

Membrane A A Membrane
interface ! !

a

Fig. 3.5 Orientation of START domain at membrane interface. a Predicted membrane anchoring
mode of STARDI11. The two tryptophan residues altering ceramide (green) transfer efficiency and
its interaction with membranes are shown. b STARD1 membrane anchoring mode and potential
molecular motion in the Q1-loop, a3-, and a4-helices (black arrow) in the proposed mechanism
START steroidogenic-acute-regulatory-protein-related lipid transfer

inside the cavity. In this regard, it is possible that the movements on the ps-ns can
serve to activate larger conformational changes such as opening of the C-terminal
helix. However, lipid molecules in membranes have limited degrees of freedom
compared to water soluble ligands; in membrane molecular frames, apart from dif-
fusing in the plane membrane, lipids can only rotate along their Z axis (normal to
the membrane plane) with their polar head groups facing water. Once a START
domain adsorbs onto a membrane, the diffusion inside the binding site should be
facilitated. Kudo et al., demonstrated that mutations of Trp (473 and 562) residues
to Ala in the Q1-loop and near the N-terminus of the a4-helix, respectively, altered
the interaction of STARD11 with membranes and decreased ceramide transfer ef-
ficiency [64]. Aromatic side chains have a propensity to partition at the membrane-
water interface and play a key role into the recruitment of peripheral membrane
proteins [92, 93]. Recently, an extensive bioinformatics search has revealed the
presence of such anchoring motifs on all the START domains of known structures'
[94, 95]. In complete agreement with their functional role unveiled by Kudo et al.,
Trp 473 and 562 of STARDI1 are both located on the same side of the protein and
are part of this motif (Fig. 3.5a; [64]). Noteworthy, STARD1, STARD2, STARD3,
STARD4, and STARDS display a similar anchoring mode to the membrane?. It is

! The orientations of proteins in membranes (OPM) database are freely accessible at http://opm.
phar.umich.edu.

2 Orientation of START domain at membrane interface (http://opm.phar.umich.edu/families.
php?family=204).


http://opm.phar.umich.edu
http://opm.phar.umich.edu
http://opm.phar.umich.edu/families.php?family=204
http://opm.phar.umich.edu/families.php?family=204

3 START Domain Protein Structure and Ligand Specificity 67

also interesting to note that the N-terminus of the a4-helix is part of the proposed
anchoring interface and in an orientation favorably positioned to interact with the
membrane surface (Fig. 3.5b). Interestingly, earlier data on STARD1 have shown
that the C-terminal helix was protected from proteolysis when small unilamellar
vesicles (SUV) were present, clearly indicating an affinity for the C-terminal helix
for lipid membranes [82].

In this context, it can be envisioned that conformational changes in the Q1-loop,
a3- and o4-helices stabilized by interactions with the membrane, favored by aro-
matic residues at precise anchoring points, should allow enough space and time for
the diffusion of lipid molecules, polar head first, into the cavity (Fig. 3.5a and b).
This proposed mechanism is in agreement with the cross-linking result of STARDI
o4-helix where the cholesterol binding and pregnenolone production in vitro was
reduced [89].

Summary

The resolution of the detailed mechanism of ligand binding (and delivery) from
(and to) membranes is a very challenging task. It will necessitate the thermody-
namical and structural characterization of the interaction of apo-START domains
with membranes and the detailed measurements of the kinetics of ligand entry and
release using a combination of biophysical techniques and molecular dynamics
simulations. With regard to ligand-selectivity determinants, the resolution of the
structures of STARD1 and STARD4 subfamily members in complex with sterols is
of utmost importance. In addition, structure determination of mutants will be neces-
sary to validate the importance of the amino acid side chains that define the shape
of the binding site versus their role in specific interactions with the polar moieties
of sterols. This is particularly important to understand the role of mutations in the
STARDI gene in the structural etiology of lipoidCAH.
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Chapter 4
Congenital Lipoid Adrenal Hyperplasia

Walter L. Miller

Abstract All steroid hormones are made from cholesterol, which is primarily taken
up by steroidogenic cells from circulating lipoproteins. The intracellular mecha-
nisms by which cholesterol is delivered to cellular destinations remains under inves-
tigation. Steroidogenic cells must transport large amounts of cholesterol to, and then
into, the mitochondria, where the cholesterol side-chain cleavage enzyme, P450scc,
resides. P450scc is the first enzyme in steroidogenesis, converting insoluble choles-
terol to soluble pregnenolone. The combination of genetic studies of a rare disease,
congenital lipoid adrenal hyperplasia (lipoid CAH), and studies of the cell biology
of mitochondrial cholesterol import led to the discovery of the steroidogenic acute
regulatory protein (StAR). StAR acts exclusively on the outer mitochondrial mem-
brane to trigger mitochondrial cholesterol import, but the precise mechanism of its
action remains unclear. Lipoid CAH is caused by StAR mutations and is thus the
StAR knockout experiment of nature. Recent work has shown that P450scc muta-
tions cause a disease that is a phenocopy of lipoid CAH. The discovery of StAR
led to the discovery of the broader family of structurally related StAR-related lipid
transfer (START)-domain proteins. It appears that some of these START proteins
may also be involved in intracellular cholesterol trafficking upstream from StAR.
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IMM inner mitochondrial membrane
IMS intramembranous space

Km Michaelis constant

LAL lysosomal acid lipase

LDL low-density lipoproteins

LH luteinizing hormone

MENTAL  MLNG64 N-terminal

MENTHO MLN64 N-terminal domain homologue
MLNo64 metastatic lymph node clone 64

NADPH nicotinamide adenine dinucleotide phosphate

NPC Niemann-Pick type C

OMM outer mitochondrial membrane

PAP7 TSPO-associated protein 7 (ACBD3)
PBR peripheral benzodiazepine receptor
PCP phosphate carrier protein

PKA protein kinase A

PKARIA  protein kinase A regulatory subunit 1o
PRAX1 TSPO-associated protein 1

P450scc mitochondrial cytochrome P450 specific for cholesterol side-chain
cleavage

SF1 steroidogenic factor 1

SOAT sterol O-acetyltransferase

SR-B1 scavenger receptor Bl

StAR steroidogenic acute regulatory protein

START StAR-related lipid transfer domain
SREBPs sterol regulatory element binding proteins
TSPO 18 kDa translocator protein,

VDACI voltage-dependent anion channel

Introduction: A Personal Historical Perspective
on Lipoid CAH and StAR

Congenital lipoid adrenal hyperplasia (lipoid CAH) provides a perfect example of
how study of a rare disease combined with contemporary biochemistry and genet-
ics can open the door to an important new area of biology: the StAR-related lipid
transfer domain (START) proteins. Early autopsy reports [1—4; Fig. 4.1] presaged
the description of lipoid CAH as an inherited endocrine disorder, characterized by
grossly enlarged, lipid-filled adrenals, disordered sexual development, and an ap-
parent lack of adrenal steroidogenesis [5—7]. At that time, the enzymology of the
conversion of cholesterol to pregnenolone was thought to require three enzymes, a
200-hydroxylase, a 22-hydroxylase, and a 20, 22 “desmolase” [8]. Hence, the first
case reported in English postulated that the disorder involved such an enzyme and
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Fig. 4.1 Congenital lipoid adrenal hyperplasia (Lipoid CAH) from the 1955 report by Sandison.
Left: Section through the autopsied kidney and adrenal of the 3 month female with probable lipoid
CAH. Right: Histologic section stained with Hematoxolin and Eosin at 280% magnification, show-
ing “small rather spindle-shaped cholesterol crystal clefts” (Reproduced from Sandison AT. 1955.
A form of lipoidosis of the adrenal cortex in an infant. Arch Dis Childh 30: 538-541, with permis-
sion from BMJ Publishing Group, Ltd.)

named it “20, 22 desmolase deficiency” [9]. The first study of lipoid CAH in vitro
found that mitochondria from affected tissue could convert 200-hydroxycholesterol
to pregnenolone, but not cholesterol to pregnenolone, suggesting that the defect
was in a specific cholesterol 200-hydroxylase [10]. Although this conclusion was
incorrect, the experimental design was prescient: 23 years later, we used a similar
approach to show that lipoid CAH was due to a mutation in the steroidogenic acute
regulatory protein, StAR [11].

Advances in protein chemistry and the rapidly developing understanding of
cytochrome P450 enzymes permitted the demonstration that cholesterol was con-
verted to pregnenolone by a single mitochondrial cytochrome P450 enzyme, termed
P450scc (where scc denotes cholesterol side chain cleavage; [12—14]. Others con-
firmed that lipoid CAH mitochondria could not convert cholesterol to pregneno-
lone but could not explain the efficacy of 200-hydroxycholesterol as a substrate
as reported by Degenhart [10]. Semi-quantitative CO-induced difference spectra
indicated that lipoid CAH mitochondria had about half as much total P450 as con-
trol mitochondria, but had normal 11-hydroxylase activity, which was known to be
catalyzed by a mitochondrial P450. Thus, this report concluded that lipoid CAH
was caused by an absence of cytochrome P450scc [15], which remained the ac-
cepted explanation for this disease until 1991.

I first became aware of lipoid CAH in 1977 during my clinical fellowship in pe-
diatric endocrinology, while taking care of a child with this disorder; several years
later, I helped Bert Hauffa prepare a clinical report of this UCSF patient, review-
ing the 34 cases then reported [16]. At that time I was developing a lab devoted to
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studying steroidogenesis, so I added lipoid CAH to the list of diseases we should
try to “solve.” Our cloning of human P450scc [17] permitted us to make the first,
halting efforts at genetic studies of lipoid CAH with genomic deoxyribonucleic
acid (DNA) from our UCSF patient [16]. We found no gene deletions [18], and
with Ken Morohashi’s cloning of the corresponding gene [19], we found normal
P450scc exonic sequences. In collaboration with Paul Sanger, who was taking care
of an affected family in New York, we obtained small amounts of affected testicular
tissue from which we made ribonucleic acid (RNA), and found normal amounts
of messenger RNA (mRNA) for P450scc and its electron-donating redox partners
in affected gonadal tissue [20]. Thus, lipoid CAH was not due to a mutation in the
enzyme system converting cholesterol to pregnenolone, suggesting a lesion in an
upstream factor that delivered cholesterol to the mitochondria. The factors involved
in this process were not understood at that time, and examination of then-contem-
porary candidates (sterol carrier protein 2, endozepine, GRP-78) did not yield an
answer [20]. The work on endozapine by Hall and Shively [21] led us to the periph-
eral benzodiazepine receptor (PBR, now called mitochondrial transporter protein,
TSPO), but in collaboration with Jerome F. Strauss 3rd (then at the University of
Pennsylvania) we cloned this gene and found it was not mutated in lipoid CAH [22].

The factor that was missing in lipoid CAH had to have the three characteris-
tics of the postulated “acute regulator” of steroidogenesis: (i) rapid inducibility by
cyclic adenosine monophosphate (cAMP), (ii) short half-life evidenced by cyclo-
heximide sensitivity, and (iii) capacity to induce steroidogenesis [23]. The work
of Orme-Johnson [24-26] and Stocco [27] identified a family of peptides, termed
pp30, pp32, and pp37 that appeared to have many of these properties. Barbara Clark
in Doug Stocco’s lab purified one of these, obtained a partial amino acid (AA) se-
quence, cloned it from mouse Leydig MA-10 cells, and found that its expression
in MA-10 cells promoted steroidogenesis: the “steroidogenic acute regulatory pro-
tein,” StAR, had been discovered [28].

Doug Stocco, Jerry Strauss, and my lab quickly joined forces. We had noted
that placental steroidogenesis remained intact in lipoid CAH, indicating that the
responsible gene had to be expressed in the adrenals and gonads, but not in the
placenta [29]. I remember discussing this with Jerry on the phone in the summer of
1994 when he told me that Teruo Sugawara’s northern blots showed that StAR was
expressed in the adrenals and gonads but not in the placenta. We immediately con-
cluded that StAR was the likely cause of lipoid CAH. Teruo and Jerry had cloned
and were sequencing human StAR complementary DNA (cDNA) [30]. As soon
as they had preliminary data from the 5’ and 3’ ends, we synthesized human StAR
oligonucleotides and used polymerase chain reaction (PCR) to amplify the cDNA
from the gonadal cDNA from Sanger’s patient and from another patient from Alan
Rogol in Virginia. Even before the full-length human cDNA sequence had been
completed, we had found that StAR was mutated in lipoid CAH, thus establishing
the basis of the disease. We then found mutations in the genomic DNA of these pa-
tients and our UCSF patient, thus firmly establishing the essential role of StAR by
showing that lipoid CAH is a knockout experiment of nature [11]. Although it was
clear that StAR mutations caused lipoid CAH, we needed an assay for StAR activity
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to show how StAR dysfunction caused the phenotype. We first did this by transfect-
ing StAR cDNA expression vectors into COS-1 cells that had been transfected with
vectors for human P450scc and its redox partners, adrenodoxin and adrenodoxin
reductase, and measuring pregnenolone production [11]. However, because the ac-
tivity of P450scc can vary with the abundance of these redox partners, we wanted to
fix the ratio of these two proteins to eliminate assay variability. We did this with a
catalytically active fusion protein of P450scc, adrenodoxin, and adrenodoxin reduc-
tase, which we had built previously [31, 32]. As a positive control we used 22-hy-
droxycholesterol, as by then it was known that soluble hydroxysterols are freely
accessible to mitochondrial P450scc, bypassing the mitochondrial cholesterol im-
port system [33]. Thus we were quickly able to establish the quantitative assay for
StAR’s action that remains in use today [11]. This experiment essentially recapitu-
lated Degenhart’s 1972 experiment: The 20-OH cholesterol they used bypassed the
absent action of the then-unknown StAR protein, explaining why they found that
this hydroxysterol, but not cholesterol, was converted to pregnenolone by lipoid
CAH mitochondria. We soon found a splicing mutation in a fourth patient [34], and,
as is so often the case, as soon as we had reported the cause of a rare disease, sam-
ples came in from around the world, permitting a general description of the genetics
of lipoid CAH [35]. Thus, these early experiments proved that StAR enhanced cho-
lesterol access to P450scc and that lipoid CAH served as a gene knockout of nature,
proving its essential role. These early experiments also showed that there was a
low level of StAR-independent steroidogenesis. This crucial observation led to our
“two-hit model” that explains the clinical findings in lipoid CAH [35].

Delivery of Cholesterol to Mitochondria

The biosynthesis of all steroid hormones begins with the conversion of cholesterol
to pregnenolone in mitochondria, followed by complex tissue-specific pathways
leading to glucocorticoids and mineralocorticoids in the adrenal, estrogens and pro-
gestins in the placenta and ovary, and androgens in the testis [36]. Most steroido-
genic tissues have specialized mechanisms to deliver cholesterol to mitochondrial
P450scc. Lipoid CAH is one of several genetic disorders in these early steps in
steroidogenesis, which have helped to elucidate this complex biology.

Intracellular cholesterol trafficking before cholesterol reaches steroidogenic
mitochondria is essentially the same in steroidogenic and non-steroidogenic cells
[37]. Cholesterol may be produced de novo from acetate via a complex pathway
primarily found in the endoplasmic reticulum (ER) [38], but most steroidogenic
cholesterol is imported from circulating lipoproteins. In rodents, the primary source
is circulating high-density lipoproteins (HDL), which are imported into the cell
by scavenger receptor Bl (SR-B1); in humans, the main source of steroidogenic
cholesterol is low-density lipoproteins (LDL) (primarily derived from the diet),
imported by receptor-mediated endocytosis via LDL receptors. However, patients
with congenital abetalipoproteinemia, who have low LDL cholesterol, have normal
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basal cortisol concentrations and have only mildly impaired cortisol responses to
adrenocorticotropic hormone (ACTH) [39]. Furthermore, treatment with high doses
of statins does not impair cortisol secretion [40], hence endogenously produced
cholesterol appears to be sufficient. LDL can suppress the rate-limiting enzyme
in cholesterol synthesis, 3-hydroxy-3-methylglutaryl co-enzyme A (HMGCoA) re-
ductase. A family of basic helix-loop-helix transcription factors called the sterol
regulatory element binding proteins (SREBPs) regulates cholesterol uptake and its
intracellular transport and utilization.

After an LDL particle is internalized by receptor-mediated endocytosis, the result-
ing endocytic vesicles fuse with lysosomes; the LDL proteins undergo proteolysis,
and the liberated cholesteryl esters are hydrolyzed to “free” cholesterol by lysosomal
acid lipase (LAL). However, the term “free cholesterol” is misleading as the solubil-
ity of cholesterol is only about 20 micromoles per liter; thus, “free cholesterol” refers
to cholesterol that is bound to proteins or membranes, but lacks an ester covalently
bound at carbon 3. Free cholesterol may be used by the cell or stored in lipid drop-
lets following re-esterification by acyl-coenzyme A cholesterol-acyl-transferase
(ACAT) also known as sterol O-acetyltransferase (SOAT1). HDL cholesteryl esters
that enter the cell via SR-B1 are acted on by hormone-sensitive neutral lipase (HSL),
following which the free cholesterol may similarly be used or re-esterified for stor-
age. ACTH (in the adrenal) and luteinizing hormone (LH; in the gonad) increase
intracellular cAMP, which stimulates HSL and inhibits ACAT, thus increasing the
pool of free cholesterol available for steroidogenesis. Increasing cAMP stimulates
HMGCoA reductase and LDL uptake. When intracellular cholesterol concentrations
are high, transcription of the genes for LDL receptor, HMGCoA reductase, and LAL
is repressed while ACAT is induced, thereby decreasing cholesterol uptake, synthe-
sis, and de-esterification. Conversely, when intracellular cholesterol concentrations
are low, this process is reversed [Fig. 4.2] [reviewed in 37].

Mutations in LAL cause Wolman disease and its milder variant, cholesterol ester
storage disease [41]. Wolman disease is a lethal disorder characterized by visceral
accumulation of cholesteryl esters and triglycerides, with secondary adrenal insuffi-
ciency. Affected infants develop hepatosplenomegaly, malabsorptive malnutrition,
and developmental delay; adrenal insufficiency may be treated with hormonal-re-
placement therapy, but this has little impact on the relentless course of the disease,
which is usually fatal in about a year. The diagnosis is suggested by calcifications
that outline the adrenals (which is radiographically distinct from the gross adrenal
hyperplasia of lipoid CAH) and is confirmed by finding deficient lysosomal acid
lipase activity in leukocytes or fibroblasts. Bone marrow transplantation may ame-
liorate the disease by unclear mechanisms. In contrast to LAL, there is no known
human HSL deficiency.

Endosomal/lysosomal cholesterol transport requires the NPC1 and NPC2 pro-
teins that are mutated in Niemann-Pick type C (NPC) disease, characterized by
endosomal accumulation of LDL-cholesterol and glycosphingolipids. Patients de-
velop ataxia, dementia, speech loss, and spasticity at 2—4 years, and typically die
at 10-20 years [42]. Cholesterol and other lipids accumulate in neurons, and there
is robust glial infiltration. The diagnosis is made by finding characteristic foamy
Niemann-Pick cells and “sea-blue” histiocytes in bone marrow. NPC2, a soluble
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Fig. 4.2 Intracellular cholesterol trafficking. Human steroidogenic cells take up circulating
low-density lipoproteins (LDL) by receptor-mediated endocytosis, directing the cholesterol to
endosomes; rodent cells utilize cholesterol from high-density lipoproteins (HDL) via scavenger
receptor B1 (SRB1). Cholesterol may also be synthesized from acetate in the endoplasmic reticu-
lum (ER). Cholesteryl esters are cleaved by lysosomal acid lipase (LAL); free cholesterol is then
bound by NPC2, transferred to NPC1, and exported. The metastatic lymph node clone 64/terminal
domain homologue (MLN64/MENTHO) system resides in the same endosomes as the Niemann-
Pick type C (NPC) system, but its role in cholesterol trafficking remains uncertain. Cholesterol
may be re-esterified by acyl-CoA: cholesterol transferase (ACAT) and stored in lipid droplets as
cholesteryl esters. Free cholesterol may be produced by hormone-sensitive lipase (HSL). Choles-
terol can reach the outer mitochondrial membrane (OMM) by non-vesicular means by utilizing
START-domain proteins or other cholesterol transport proteins. Movement of cholesterol from
the OMM to the inner mitochondrial membrane (IMM) requires a multi-protein complex on the
OMM. In the adrenals and gonads, the steroidogenic acute regulatory protein (StAR) is respon-
sible for the rapid movement of cholesterol from the OMM to the IMM, where it can be converted
to pregnenolone by P450scc (© W.L. Miller)

151 AA glycoprotein in the lysosomal lumen [43], binds cholesteryl esters with the
cholesterol side chain oriented in a hydrophobic pocket and the polar 3OH group
exposed, allowing LAL to cleave the cholesteryl ester bond while bound to NPC2.
Free cholesterol is then transferred to the N-terminal domain of NPC1, a 1278 AA
glycoprotein with 13 transmembrane domains that span the endo-lysosomal mem-
brane [44]. NPC1 binds cholesterol with the 3OH group buried in the protein and
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the side chain partially exposed; then inserts the cholesterol into the lysosomal
membrane with the hydrophobic side chain going in first.

Two late endosomal proteins, metastatic lymph node clone 64 (MLN64) and
MLNG64 N-terminal domain homologue (MENTHO) may also participate in cho-
lesterol trafficking [45]. MLN64 can bind cholesterol and co-localizes with NPC1
in late endosomes [46]. The N-terminal “MLN64 N-TerminAL” (“MENTAL”)
domain is structurally related to MENTHO [47], contains 4 transmembrane do-
mains, and targets MLN64 to late endosomal membranes. The C-terminal domain
of MLN64 is the START domain that is very similar to the lipid-binding domain
of StAR [48, 49]. The MENTAL domains of MENTHO and MLN64 can interact
to form homo- and heterodimers and to bind cholesterol, suggesting a role in endo-
somal cholesterol transport. MLN64 lacking the MENTAL domain (N-234 MLN64)
has ~50-60% of StAR-like activity to stimulate mitochondrial cholesterol uptake
[50, 51]. The START domain of MLN64 may interact with cytoplasmic HSP60 to
stimulate steroidogenesis in placental mitochondria [52]. An essential function for
MLNG64 is not established as knockout of the START domain of MLN64 yields vi-
able, neurologically intact, fertile mice with normal plasma and hepatic lipids [53].
Human genetic disorders of MLN64 or MENTHO are not known. Accumulation of
cholesterol in NPCl-deficient cells increases MLN64-mediated cholesterol trans-
port to mitochondria and accumulation of cholesterol in the outer mitochondiral
membrane (OMM), suggesting a role in cholesterol transport from endosomes to
mitochondria [54].

Intracellular cholesterol transport may be “vesicular” (mediated by membrane
fusion) or “non-vesicular” (bound to proteins). Both vesicular and non-vesicular
cholesterol transport occur in steroidogenic cells, but non-vesicular transport in-
volving high-affinity cholesterol-binding START-domain proteins appears to be
the principal means for cholesterol transport to mitochondria [37]. START domain
proteins are found in all eukaryotes; the 15 mammalian START proteins are termed
STARD1-15 (StAR itself is also known as STARD1, but is designated in this chap-
ter by its classical name, StAR) [49]. STARD4, D5, and D6, the START proteins
most closely related to StAR, bind cholesterol, are induced by SREBP, and lack
N-terminal signal sequences, suggesting they are cytosolic sterol transport proteins
[37]. StAR, STARD3 (MLN64), D4, and D5 bind cholesterol with high-affinity
and specificity, facilitate cholesterol transport, and appear to play roles in cellular
cholesterol homeostasis [55]. STARDS is predominantly expressed in Kupffer cells,
macrophages, and proximal renal tubules and appears to act primarily as a bile-
acid-binding protein [56, 57]. StAR and STARDG stimulate the movement of cho-
lesterol from the OMM to the inner mitochondrial membrane (IMM), but STARD4
and STARDS do not [58]. STARD4 and/or D5 may bring cholesterol to the OMM,;
however, STARD4 knockout mice have no changes in steroidogenesis and minimal
changes in weight and serum lipids, hence an essential function of STARD4 is not
apparent [59]. Thus, it appears that the principal mechanism for getting cholesterol
to the mitochondria is by non-vesicular transport involving proteins that are struc-
turally related to StAR, but that StAR itself plays a minor role in this step. The
OMM of adrenal mitochondria contains abundant cholesterol, whereas the IMM
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contains relatively little cholesterol. Whether all OMM cholesterol is available for
steroidogenesis is unclear. Early studies identified a distinct pool of “steroidogenic”
OMM cholesterol that was distinct from the structural membrane cholesterol and
could be mobilized by cAMP [60]. Whether there are two kinetically distinct pools
of cholesterol in the OMM, and how cholesterol is transferred to the IMM remain
under investigation.

Entry of Cholesterol into Steroidogenic Mitochondria:
Action of the Steroidogenic Acute Regulatory
Protein, StAR

Unlike cells that produce polypeptide hormones, which store mature hormone in
secretory vessicles for rapid release, steroidogenic cells store very little steroid,
so that steroid secretion requires more steroid synthesis, which can be induced by
several mechanisms [36, 37]. In the adrenal, ACTH promotes steroidogenesis at
three distinct levels. First, over the course of months, ACTH stimulates adrenal
growth via several growth factors; second, over the course of days, ACTH, in the
adrenal zona fasciculata and angiotensin II in the zona glomerulosa stimulate tran-
scription of steroidogenic enzyme genes, especially the CYP1141 gene encoding
P450scc, thus increasing the amount of steroidogenic machinery; third, within an
hour, ACTH stimulates the activation of preexisting StAR (by its phosphorylation
at Ser195) and the synthesis of new StAR. StAR then appears to interact with a
macromolecular complex on the OMM to increase cholesterol flux from the OMM
to the IMM, where it becomes the substrate for P450scc. The first two modes of ste-
roid regulation comprise the chronic steroidogenic response and the action of StAR
comprises the acute steroidogenic response [36, 37].

Co-expression of StAR and P450scc in nonsteroidogenic cells increases conver-
sion of cholesterol to pregnenolone, suggesting that StAR triggers the acute ste-
roidogenic response [23]. The indispensible role of StAR was established by finding
that StAR mutations cause lipoid CAH [11, 34, 35]. However, some steroidogenesis
can take place without StAR: The human placenta synthesizes steroids via P450scc
but expresses little or no StAR [30], and cells expressing P450scc but not StAR can
convert cholesterol to pregnenolone [31, 32] at ~14 % of the maximal StAR-induced
rate [11, 35]. The mechanisms underlying this StAR-independent steroidogenesis
remain unclear. The placenta produces a cleavage product of MLN64 that appears
to have StAR-like activity [51], or placental StAR-independent activity might hap-
pen without a transport protein, especially if soluble oxysterols are the substrate.
The crystal structure of the START domain of MLN64 [61], computational mod-
els of StAR [62, 63], and low-resolution crystallography of StAR [64] all show a
globular protein with an o/} helix-grip fold and an elongated hydrophobic pocket
that accommodates one cholesterol molecule with its 33-OH group coordinated by
the two polar residues. These structures and the crystal structure of STARD4 [65]
are characterized by long a-helixes at the N- and C-termini, two short o-helixes,
and nine antiparallel B sheets that form a helix-grip fold.
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How StAR induces the import of cholesterol into mitochondria remains unclear.
StAR is synthesized as a 37-kDa protein with an N-terminal mitochondrial leader
sequence that is cleaved during mitochondrial import to yield 30-kDa intramito-
chondrial StAR. The 37 kDa cytoplasmic form is often termed a “precursor” and
the 30 kDa intramitochondrial protein its “mature form,” but these terms do not
describe the biology of StAR [66]. Moreover, deletion of the leader peptide has no
effect on its activity [67]. Mitochondrial localization experiments show that StAR
is active on the OMM but not in the IMS or on the matrix side of the IMM, and
experiments manipulating the speed of StAR’s mitochondrial entry show that faster
import decreases activity and slower import increased activity [68]. Thus, StAR
acts exclusively on the OMM and its activity is proportional to how long it remains
on the OMM, so that it is the OMM localization of StAR, and not its cleavage from
the 37 kDa form to the 30 kDa form, that determines its activity.

Mechanism of StAR’s Action—An Ongoing Study

The mechanism by which StAR triggers cholesterol flux from the OMM to the
IMM requires pH-induced conformational changes in StAR that are needed for
StAR to accept and discharge cholesterol [69, 70]. Cholesterol is blocked from
reaching StAR’s binding pocket by a set of hydrogen bonds that immobilize the
C-helix but are disrupted when the surface residues of StAR are protonated as hap-
pens when StAR interacts with charged phospholipids on the OMM, thus eliciting
a conformational change that permits cholesterol access [70]. Thus, the activity of
StAR on the OMM requires an acid-induced disruption of hydrogen bonds and a
consequent conformational change in StAR to permit it to bind and release choles-
terol. StAR can transfer cholesterol between synthetic, protein-free membranes in
vitro, but with non-physiologic stoichiometry [71], and the biologically inactive
StAR mutant R182L can transfer cholesterol to membranes in vitro [72], indicat-
ing that cholesterol binding is necessary but not sufficient for StAR activity. The
phosphorylation of StAR on Ser 195 doubles its activity [73]. It appears that the
protein kinase A (PKA) anchor protein AKAP121 recruits the type I PKA regula-
tory subunit oo (PKAR2A) to the OMM, which phosphorylates StAR, whereas the
type I kinase drives StAR transcription [74]. Interaction between the 37 kDa StAR
and HSL has also been reported [75]. StAR is recycled as each molecule moves
hundreds of molecules of cholesterol into the mitochondria before it is inactivated
by mitochondrial import [68, 76]. Low levels of steroidogenesis will persist in the
absence of StAR at about 14% of the StAR-induced rate [11, 35], accounting for
the steroidogenic capacity of tissues that lack StAR, such as the human placenta.
StAR appears to interact with a multi-protein complex on the OMM. In addi-
tion to AKAP121 and PKAR2A mentioned above, several other proteins have been
implicated, but what role each plays in the mitochondrial importation of cholesterol
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remains unclear [77-79]. The first identified and most extensively studied of these
proteins is the PBR, now also called TSPO [80]. PBR/TSPO is a ubiquitously ex-
pressed 18 kDa mitochondrial protein; based on the binding of drug ligands, it is
estimated that it comprises about 2 % of adrenal OMM protein [81, 82]. PBR/TSPO
lacks a mitochondrial targeting sequence, but its C-terminal half targets it to the
OMM [83]. Ligands of PBR/TSPO appear to stimulate cholesterol movement from
OMM to IMM and stimulate steroidogenesis [84]. PBR/TSPO is a component of
a 140-200 kDa complex consisting of PBR/TSPO, the 34-kDa voltage-dependent
anion channel (VDACI), the 30-kDa the adenine nucleotide transporter (ANT),
the 10-kDa diazepam-binding inhibitor (acyl-CoA-binding domain 1, ACBDI1),
the TSPO-associated protein-1 (PRAX-1), and the PKA regulatory subunit Rlo-
associated protein 7 (PAP7) [78]. PAP7, also known as acyl-CoA binding domain-
containing protein 3 (ACBD3), appears to bind both TSPO and regulatory subunit
RIa (and RII to a lesser extent) of cAMP-dependent protein kinase A (PKA) [85].
PBR/TSPO interacts with VDAC on the OMM, possibly anchoring the multi-
protein complex to the OMM and assisting the binding and import of StAR [86];
VDACI also interacts with ANT on the IMM [87]. While StAR and PBR/TSPO
appear to interact functionally [88], no physical interaction has been found; protein
cross-linking experiments identify contacts between StAR and VDACI and phos-
phate carrier protein (PCP), but not PBR/TSPO [77]. VDACI interacts with PBR/
TSPO [83, 86], but how VDAC-1 might participate in cholesterol import is unclear
as VDACI has a cylindrical structure with a hydrophilic interior for anion transport
but is ill-suited as a channel for hydrophobic cholesterol [88, 89]. VDAC is found
at contact sites between the OMM and the IMM [90] where it may complex with
hexokinase, ANT, creatine kinase, and proteins of the Bcl-2 family [91]. PBR/TSPO
has five transmembrane ¢-helices spanning the OMM [92], suggesting it functions
as a cholesterol channel that would act downstream from StAR. PBR/TSPO has a
cytoplasmic domain containing a “cholesterol recognition amino acid consensus”
(CRAC) domain that binds cholesterol, suggesting that this domain participates in
transferring cholesterol from the OMM to the IMM [93]. Mutagenesis of the CRAC
domain interferes with cholesterol binding and cholesterol transfer to the IMM, and
blocking the binding of cholesterol to CRAC prevents steroidogenesis [94]. PBR/
TSPO knockdown in Leydig cells disrupts cholesterol transport and steroidogenesis
[95]. It has been reported that disruption of the TSPO gene in Leydig cells blocked
cholesterol transport into the mitochondria and reduced steroid production [96],
and that PBR/TSPO knockout mice experience embryonic lethality [84], suggesting
an indispensible role in development. However, in a recent report, tissue-specific
knockout of PBR/TSPO in mouse Leydig cells yielded no reproductive or steroido-
genic phenotype [97]. Thus, PBR/TSPO joins MLN64 [53] and StARD4 [59] on a
growing list of proteins for which there is good biochemical evidence for a role in
steroidogenesis, but for which the mouse knockout data do not confirm a role, and
for which no definitive answer is known from a human genetic disease. Thus, the
role of PBR/TSPO in steroidogenesis remains controversial.
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Mutations in StAR—Congenital Lipoid Adrenal
Hyperplasia (Lipoid CAH)

As reviewed in the Introduction, and in greater detail elsewhere [98], lipoid CAH is
a rare disorder that has played a central role in driving contemporary understanding
of the regulation of steroidogenesis and the discovery of the START-domain pro-
teins. Lipoid CAH is the most severe genetic disorder of steroid hormone synthesis,
characterized by absent or very low serum concentrations of all steroids, high basal
ACTH and plasma renin activity, an absent steroidal response to long-term treat-
ment with high doses of ACTH or hCG, and grossly enlarged adrenal glands filled
with cholesterol and cholesteryl esters. Although these findings initially suggested
a lesion in the conversion of cholesterol to pregnenolone, the CYP1/AI gene for
P450scc is not mutated in these patients, and the mRNAs for adrenodoxin reductase
and adrenodoxin are intact [20]. Furthermore, the placenta (a fetal tissue) contin-
ues to produce progesterone in lipoid CAH, proving that the cholesterol side chain
cleavage system remains intact, and permitting normal term gestation [29]. The
normal P450scc system plus the accumulation of cholesterol esters in the affected
adrenal suggested that the lesion lay in a factor upstream from P450scc, such as in
a factor involved in mitochondrial cholesterol transport [20]; mutations in PBR/
TSPO were sought and excluded [22]. Thus, the responsible factor appeared to be
expressed in the adrenal and gonad, but not in the placenta, and the discovery that
StAR expression had this tissue distribution helped to identify it as the disordered
step in lipoid CAH [11].

Lipoid CAH is the StAR gene knockout experiment of nature, revealing the
complex physiology of the StAR protein [98]. StAR promotes steroidogenesis by
increasing the movement of cholesterol into mitochondria, but in the absence of
StAR, steroidogenic cells still make small amounts of steroids by StAR-indepen-
dent steroidogenesis [35, 37, 68]. This observation led to the two-hit model of lipoid
CAH [35] [Fig. 4.3]. The first hit is the loss of StAR itself, leading to a loss of most,
but not all steroidogenesis, leading to a compensatory rise in ACTH and LH. These
increased tropic hormones increase production of intracellular cAMP, which in-
creases biosynthesis of LDL receptors, their consequent uptake of LDL cholesterol,
and de novo synthesis of cholesterol. In the absence of StAR, this increased intracel-
lular cholesterol accumulates as in a storage disease, causing the second hit, which
is the mitochondrial and cellular damage caused by the accumulated cholesterol,
cholesterol esters, and their autooxidation products [35, 37].

The two-hit model explains the unusual clinical findings in lipoid CAH. In
response to tropic stimulation by hCG, fetal Leydig cells normally make large
amounts of testosterone; in lipoid CAH, this stimulation leads to accumulation of
cholesterol and cellular destruction early in gestation. This eliminates the testos-
terone biosynthesis needed for development of male external genitalia, so that an
affected 46, XY fetus does not undergo normal virilization and is born with female-
appearing external genitalia and a blind vaginal pouch. However, Wolffian duct de-
rivatives (seminal vesicle, ejaculatory ducts) are well developed [99], indicating the
presence of some testosterone synthesis in early fetal life as predicted by the two-hit
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Fig. 4.3 Two-hit model of congenital lipoid adrenal hyperplasia (lipoid CAH). a In normal adre-
nal cells, cholesterol is primarily derived from low-density lipoproteins, and the rate-limiting step
in steroidogenesis is movement of cholesterol from the outer mitochondrial membrane (OMM) to
the inner mitochondrial membrane (IMM). b Early in lipoid CAH, StAR independent steroidogen-
esis moves small amounts of cholesterol into mitochondria, yielding sub-normal steroidogenesis;
adrenocorticotropic hormone (ACTH) secretion increases, stimulating further accumulation of
cholesteryl esters in lipid droplets. ¢ As lipids accumulate, they damage the cell through physi-
cal engorgement and by the action of cholesterol auto-oxidation products; steroidogenic capacity
is destroyed, but tropic stimulation continues. Ovarian follicular cells remain unstimulated and
undamaged until puberty, when small amounts of estradiol are produced, as in b, causing phe-
notypic feminization, with infertility and hypergonadotropic hypogonadism. Modified from [35]

model. The undamaged Sertoli cells function normally and produce Miillerian in-
hibitory hormone, so that the phenotypically female 46, XY fetus with lipoid CAH
has no cervix, uterus, or fallopian tubes. The steroidogenically active fetal zone of
the adrenal is similarly affected, eliminating most dehydroepiandrosterone (DHEA)
biosynthesis, thus eliminating the feto-placental production of estriol, so that mid-
gestation maternal and fetal estriol levels are very low [29]. The definitive zone of
the fetal adrenal, which differentiates into the zonae glomerulosa and fasciculata,
normally produces very little aldosterone. Because fetal salt and water homeosta-
sis is maintained by the placenta, stimulation of the glomerulosa by angiotensin II
generally does not begin until birth, so that the glomerulosa does not necessarily
experience the “second hit” during fetal life. Consequently, many newborns with
lipoid CAH do not have a salt-wasting crisis until after several weeks of life when
chronic stimulation then leads to cellular damage [35, 100].

The two-hit model also explains the spontaneous feminization of affected 46,
XX females who receive glucocorticoid and mineralocorticoid replacement therapy
in infancy and hence reach adolescence [35, 101, 102]. The fetal ovary makes little
or no steroids and contains no steroidogenic enzymes after the first trimester [103];
consequently, the ovary remains largely undamaged until it is stimulated by go-
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nadotropins at the time of puberty when it then produces small amounts of estrogen
by StAR-independent steroidogenesis. Continued stimulation results in cholesterol
accumulation and cellular damage, so that there is minimal biosynthesis of proges-
terone in response to the LH surge in the latter part of the cycle. Because gonadotro-
pin stimulation only recruits individual follicles and does not promote steroidogen-
esis in the whole ovary, most follicles remain undamaged and available for future
cycles. Cyclicity is determined by the hypothalamic-pituitary axis, and remains
normal. With each new cycle, a new follicle is recruited and more estradiol is pro-
duced by StAR-independent steroidogenesis. Although net ovarian steroidogenesis
is impaired, enough estrogen is produced (especially in the absence of androgens) to
induce breast development, general feminization, monthly estrogen withdrawal and
cyclic vaginal bleeding [35, 101]. However, progesterone synthesis in the latter half
of the cycle is disturbed by the accumulating cholesterol esters so that the cycles are
anovulatory. Measurements of estradiol, progesterone, and gonadotropins through-
out the cycle in affected adult females with lipoid CAH confirm this model [102].
Similarly, examination of StAR-knockout mice confirms the two-hit model [104].
Thus, examination of patients with lipoid CAH has elucidated the physiology of the
StAR protein in each steroidogenic tissue.

Genetic analysis of patients with lipoid CAH has revealed numerous mutations
in the StAR gene [35, 37, 66]. Lipoid CAH is relatively common in Japan and Ko-
rea, where the carrier frequency is approximately one in 300, so that one in every
250,000 to 300,000 newborns in these countries is affected for a total of about 500
patients in Japan and Korea. About 65—70 % of affected Japanese alleles and about
90% of affected Korean alleles carry the mutation Q258X [35, 105, 106], which
was identified in the first patients studied [11]. Other genetic clusters are found
among Palestinian Arabs, most of whom carry the mutation R182L [35], in east-
ern Saudi Arabia, carrying R188C [100], and in Switzerland, carrying the mutation
L260P [107]. Deletion of only 10 carboxy-terminal residues reduces StAR activ-
ity by half, and deletion of 28 carboxy-terminal residues by the common Q258X
mutation eliminates all activity. By contrast, deletion of the first 62 amino-terminal
residues has no effect on StAR activity, even though this deletes the entire mito-
chondrial leader sequence and forces StAR to remain in the cytoplasm [67]. Physi-
cal studies and partial proteolysis indicate that residues 63—193 of StAR (i.e., the
domain that lacks most of the crucial residues identified by missense mutations)
are protease-resistant and constitute a “pause-transfer” sequence, which permits the
bioactive loosely folded carboxy-terminal molten globule domain to have increased
interaction with the outer mitochondrial membrane [69].

The clinical findings in most patients with lipoid CAH are quite similar: An
infant with normal-appearing female genitalia experiences failure to thrive and salt
loss in the first weeks or months of life and is diagnosed with adrenal insufficiency
because of hyponatremia and hyperkalemia and possibly also because of hyperpig-
mentation [35-37]. However, other clinical presentations are possible, including
apparent sudden infant death syndrome (SIDS) [108] and late initial presentation of
salt loss at about one year of age [100]. We also described an attenuated form called
“non-classic lipoid CAH,” which is caused by mutations that retain about 20-25 %
of normal StAR activity [109]. These are usually children who first experience
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symptoms of adrenal insufficiency after several years, and the 46, XY patients have
normal-appearing male external genitalia. These patients typically have minimal
impairments in mineralocorticoid synthesis, evidenced by elevated plasma renin
activity with normal serum sodium and potassium, and may also have mild hyper-
gonadotropic hypogonadism. Some patients have been diagnosed in adulthood and
have been mistaken for having “familial glucocorticoid deficiency,” a blanket term
referring to disorders of ACTH action, but elevated plasma renin, hypergonado-
tropic hypogonadism, and azospermia are not features of familial glucocorticoid
deficiency. Most of these patients carry the StAR mutation R188C [110, 111]. Thus,
the spectrum of clinical presentations of StAR defects is substantially broader than
was initially appreciated from studies of classic lipoid CAH.

Treatment of lipoid CAH consists of hormonal replacement therapy, and can be
thought of in three phases. First, at time of diagnosis, most infants are hypovolemic,
hyponatremic, hyperkalemic, and acidotic as a consequence of both mineralocor-
ticoid and glucocorticoid deficiency. Initial treatment typically consists of fluid re-
cussitation, salt replacementation to replace lost sodium, mineralocorticoid therapy
(fludrocortisol) to replace lost mineralocorticoid synthesis, and initial stress-dosing
with glucocorticoids to deal with physiologic stress and to suppress the hypotha-
lamic-pituitary-adrenal axis [16, 112]. Second, once the life-threatening peri-diag-
nostic period has been dealt with and the intravascular volume and salt deficit have
been repaired, physiologic replacement doses of glucocorticoids and mineralocorti-
coids will permit normal growth and development to adulthood. The glucocorticoid
requirement in lipoid CAH is analagous to that in Addison disease and is less than
in the virilizing forms of congenital adrenal hyperplasias due to 21-hydroxylase
or 11-hydroxylase deficiency because adrenal over-suppression of excess adrenal
androgen production is not needed. With glucocorticoid supplementation confined
to physiologic oral replacement doses of 6-8 mg m?/d [113—115], growth in these
patients should be normal, although ACTH may remain elevated even when supra-
physiologic doses of glucocorticoids are given [16]. Severely affected 46, XY new-
borns have normal female external genitalia and should undergo orchiectomy later
in life and be raised as females, with estrogen replacement therapy started at the
usual age of puberty to permit feminization of the body habitus and prevent bone
loss. Third, affected 46, XX females, typically have spontaneous pubertal femini-
zation but anovulatory cycles and early secondary amenorrhea, also requiring sex
hormone replacement therapy. Successful pregnancy has been achieved in an adult
female with lipoid CAH by clomiphene citrate stimulation followed by progester-
one supplementation to mimic the maternally produced first trimester progesterone
that the affected mother could not produce [116].

P450scc: Cholesterol’s Mitochondrial Destination

Mutations in other genes can produce a clinical phenotype that is essentially the
same as that caused by StAR mutations. Because these disorders derive from dif-
ferent molecular lesions, they should not be called lipoid CAH. Although the initial
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Fig. 4.4 Organization of mitochondrial P450 enzyme systems. Nicotinamide adenine dinucleo-
tide phosphate (NADPH) first donates electrons to the flavin adenine dinucleotide (FAD) moiety
of ferredoxin reductase (FeRed); ferredoxin reductase then interacts with ferredoxin (Fedx) by
charge-charge attraction, permitting electron transfer of the Fedx to the Fe,S center (ball and stick
diagram). Ferredoxin then dissociates from ferredoxin reductase and diffuses through the mito-
chrondrial matrix. The same surface of ferredoxin that received the electrons from ferredoxin
reductase then interacts with the redox-partner binding-site of a mitochondrial P450, such as
P450scc, and the electrons then travel to the heme ring of the P450. The heme iron then mediates
catalysis with substrate bound to the P450. © W.L. Miller

genetic characterizations of patients with apparent lipoid CAH found no patients
with mutations in the CYP1IA1 gene encoding P450scc, the first such patient was
described in 2001 [117]. The physiology of these patients requires knowledge of the
biochemistry of P450scc.

Once cholesterol reaches the IMM, it may be converted to pregnenolone by the
cholesterol side chain cleavage enzyme, P450scc, to initiate steroidogenesis. Most
steroidogenic enzymes are cytochrome P450 enzymes, all of which have approxi-
mately 500 residues, contain a single heme group, and absorb light at 450 nm when
reduced with carbon monoxide. The human genome contains 57 CYP genes en-
coding cytochrome P450 enzymes. Seven human cytochrome P450 enzymes are
targeted to the mitochondria, with the other 50 being targeted to the ER; the roles
of the human P450 enzymes have been reviewed recently [118]. P450 enzymes
use their heme iron to activate molecular oxygen using electrons donated by nico-
tinamide adenine dinucleotide phosphate (NADPH). Mitochondrial P450 enzymes
such as P450scc are designated as Type 1 P450 enzymes, and receive electrons
from NADPH via an electron transfer chain consisting of a flavoprotein termed
ferredoxin reductase and a small iron-sulfur protein termed ferredoxin [119]
[Fig. 4.4]. The type 2 P450 enzymes in the ER receive electrons via the single 2-fla-
vin protein P450 oxidoreductase [119]. All P450 enzymes can catalyze multiple
chemical reactions, often with very different substrates.

Conversion of cholesterol to pregnenolone by P450scc is the first, rate-limiting
and hormonally regulated step in the synthesis of all steroid hormones. P450scc
catalyzes the 22-hydroxylation of cholesterol, 20-hydroxylation of 22(R)-hydroxy-
cholesterol, and oxidative scission of the C20-22 bond of 20(R), 22(R)-dihydroxy-
cholesterol (the side chain cleavage event), yielding pregnenolone and isocaproal-
dehyde. The binding of cholesterol and the initial 22-hydroxylation are rate-limiting

as the efficiencies (k_,/Km ratios) are much higher for the subsequent reactions,
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and the high K;) of ~3000 nM drives the dissociation of pregnenolone from P450scc
[36]. Alternatively, soluble hydroxysterol substrates such as 22(R)-hydroxycholes-
terol can enter the mitochondrion without the action of StAR. The conversion of
cholesterol to pregnenolone is slow with a net turnover number of about 6 to 20
molecules of cholesterol per molecule of P450scc per second [14, 120]. Because
20-hydroxycholesterol, 22-hydroxycholesterol, and 20, 22-hydroxycholesterol can
all be isolated from bovine adrenals, and because 3 moles of NADPH are required
per mole of cholesterol converted to pregnenolone, it was initially thought that three
separate enzymes were involved. However, protein purification and reconstitution
of enzymatic activity in vitro showed that a single protein, P450scc, converts cho-
lesterol to pregnenolone [reviewed by 37]. The crystal structures of bovine [121]
and human [122] P450scc, the latter in complex with ferredoxin show that the sin-
gle active site of P450scc is in contact with the IMM. It is the expression of the
CYP1IA1 gene that renders a cell “steroidogenic.” Pregnenolone appears to exit
the mitochondrion unaided; no transport protein has been found, and physiologic
evidence does not suggest the presence of such a transporter.

Catalysis by P450scc requires two electron-transfer intermediates, ferredoxin re-
ductase and ferredoxin [reviewed in 119]. Ferredoxin reductase receives electrons
from NADPH then forms a 1:1 complex with ferredoxin which then dissociates
and forms an analogous 1:1 complex with P450scc or other mitochondrial P450 en-
zymes, thus functioning as an indiscriminate, diffusible electron shuttle for all mi-
tochondrial P450s (Fig. 4.4). In addition to the inherent properties of P450scc, the
abundances of ferredoxin reductase and ferredoxin determine catalytic activity [31].
Genetic disorders of human ferredoxin reductase and ferredoxin have not been de-
scribed, and mouse knockouts have not been reported. Mutation of the Drosophila
ferredoxin reductase homologue dare causes developmental arrest and degeneration
of the adult nervous system secondary to disrupted ecdysone production [123]. In
vitro, the requirement for ferredoxin reductase and ferredoxin is not absolute as
P450scc fused to microsomal P450 oxidoreductase remains active when targeted to
the mitochondria, but is inactive when targeted to the ER even when supplied with
the 22(R)-hydroxycholesterol substrate that bypasses the StAR system [32]. Thus,
the mitochondrial localization is essential for the enzymatic activity of P450scc.

P450scc Deficiency

The suppression of uterine contractility by progesterone prevents spontaneous abor-
tion and is essential for the maintenance of mammalian pregnancy. However, dif-
ferent species use different strategies for the production of this progesterone: In
rodents and ungulates, the source is maternal as the maternal corpus luteum of preg-
nancy continues to produce progesterone to term, whereas in primates, the source
is a fetal tissue, the placenta. Thus, the available models of defective P450scc func-
tion, a spontaneously occurring CYP11A1 deletion in the rabbit [124] and knockout
of the CYP1IAI gene in the mouse [125] are not informative about the potential
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consequences of disorders in human P450scc. Once StAR mutations were found
to cause lipoid CAH [11, 34, 35], it seemed logical that the dependence of human
pregnancy on placental progesterone would be incompatible with P450scc-deficient
fetuses surviving to term [126]. Nevertheless, beginning in 2001 [117], patients
were reported who had clinical and hormonal findings that were indistinguishable
from those of patients with StAR mutations, but who had mutations in P450scc. To
date, 19 such patients have been described, but no patient with a P450scc mutation
has had the adrenal hyperplasia typically seen in lipoid CAH [127]. Most of these
patients had mutations that ablated all P450scc activity. It is not clear how these
fetuses with P450scc mutations reached term gestation; one possibility is that these
pregnancies were carried to term because of unusually protracted maintenance of
the maternal corpus luteum of pregnancy, which normally involutes in the second
trimester, but this has not been investigated directly. These patients may be clini-
cally indistinguishable from those with lipoid CAH, and are treated in exactly the
same fashion. The 46, XY genetic males fail to produce testosterone during fetal
life, and are born with female external genitalia although their internal reproduc-
tive structures are male as their testes produced anti-Miillerian hormone. Following
birth, these patients require steroid hormone replacement therapy and may have
long-term survival. As with non-classical lipoid CAH, a milder “non-classical”
form of P450scc deficiency that is clinically and hormonally indistinguishable from
non-classic lipoid CAH has been reported in patients with P450scc mutations that
retain 10-20% of wild-type activity [128, 129]. No hormonal test distinguishes
lipoid CAH from P450scc deficiency, but the grossly enlarged adrenals that give
lipoid CAH its name have not been described in patients with P450scc mutations,
sometimes permitting radiologic distinction, but the only definitive test to distin-
guish these disorders is DNA sequencing [130].

Another disorder occasionally mistaken for lipoid CAH is deficiency of steroido-
genic factor 1 (SF1), a transcription factor required for adrenal and gonadal, but not
for placental, expression of genes for the steroidogenic enzymes [131]. More than
50 patients have been described carrying SF1 mutations [132, 133]. The phenotype
of SF1-deficient patients is variable; some are 46, XY with a female phenotype and
adrenal failure, thus resembling lipoid CAH, but in most cases, the gonadal pheno-
type predominates and there is little if any impairment of adrenal steroidogenesis.
The Leydig cells may have lipid accumulation and progressive degeneration similar
to the findings in lipoid CAH [133].
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Chapter 5
Steroidogenic Acute Regulatory Protein (StAR)
and Atherogenesis

Annette Graham, Faye Borthwick and Janice Taylor

Abstract Atherosclerosis, the primary cause of coronary heart disease, is charac-
terised by a low-grade unresolved inflammation associated with accumulation of
cholesterol and cholesteryl-ester laden macrophages within the intima of the ves-
sel wall. Steroidogenic acute regulatory protein (StAR/STARDI) is endogenously
expressed, and regulated, in a number of vascular tissues, including endothelial
cells and monocyte-macrophages where it is thought to traffic cholesterol from the
outer to the inner mitochondrial membrane, determining the rate at which substrate
is supplied to sterol 27-hydroxylase (CYP27A1). The CYP27A1 enzyme converts
cholesterol to oxysterol derivatives, which act as activating ligands for nuclear Liver
X Receptors, master regulators of lipid metabolism and inflammatory responses.
Forced overexpression of StAR/STARDI1 in macrophages and endothelial cells
increases the cholesterol efflux process mediated by adenosine triphosphate (ATP)-
binding cassette transporters (ABCA1/G1) and apolipoprotein acceptors, and inhib-
its nuclear factor-kB signalling, resulting in repression of an array of inflammatory
genes. Thus, StAR/STARDI1 may represent a novel target for treatment of athero-
sclerosis and coronary heart disease.
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Introduction

My introduction to the biological significance of steroidogenic acute regulatory
protein (StAR) came in the late 1990s from a seminar given at the Hampstead cam-
pus of Royal Free and University College Medical School, London by Professor
Douglas M. Stocco. Professor Stocco was there at the invitation of his fellow endo-
crinologist, and my Head of Department, Professor Brian Cooke, to discuss the role
of StAR in acute hormone-stimulated regulation of steroidogenesis. A fascinating
seminar ensued, covering deletion studies elucidating the (non-essential) role of the
N-terminal targeting sequence of StAR in mitochondrial cholesterol trafficking and
discussing the unequivocal evidence supporting mutations in StAR rather than the
peripheral benzodiazepine receptor (PBR; 18 kDa translocator protein, TSPO) as
the definitive culprit in congenital lipoid hyperplasia. My research interests, at that
time, lay in the mechanisms by which cholesterol could be modified to oxysterols
by vascular cells. Reflecting the role of StAR in steroidogenesis, the rate-limiting
factor for modification of cholesterol by sterol 27-hydroxylase (CYP27A1) within
the mitochondrial matrix, appeared to be the movement of cholesterol from the
outer to the inner mitochondrial membrane (discussed below). Following discus-
sions on the potential role and/or possible expression of StAR in non-steroidogenic
tissues such as macrophages, Professor Stocco very kindly agreed to supply me
with a full-length clone, and antibody, for murine StAR to test the hypothesis that
overexpression of StAR could increase the flux of cholesterol to oxysterol in these
cells. This anti-atherogenic concept was funded by the British Heart Foundation
and, after a career break occasioned by the birth of my twins, my group finally
proved the validity of this hypothesis in an article published in Cardiovascular Re-
search entitled ‘Over-expression of steroidogenic acute regulatory protein (StAR)
increases macrophage cholesterol efflux to apolipoprotein AI” in 2010.

This chapter focuses on the anti-atherogenic concept for StAR within the context
of recent research. Following current nomenclature, StAR is designated STARDI,
however, throughout this chapter, I will use the original classical name, StAR, to
refer to the gene and protein.

Background

Coronary heart disease is the leading cause of death worldwide, causing the death
of 3.8 million men and 3.4 million women each year, according to recent figures
from the World Health Organisation, and despite improvements in treatment strat-
egies and in survival rates, 1 in 4 men and 1 in 3 women, still die within 1 year
following a myocardial infarction. Coronary heart disease is fuelled by genetic and
environmental factors, including high levels of serum cholesterol which cause one-
third of all deaths from cardiovascular disease worldwide. The primary cause of
coronary heart disease is atherosclerosis, a slow progressing disease of large- and
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medium-sized arteries, characterised by a chronic and unresolved inflammatory re-
sponse at sites of perturbed laminar blood flow [1-3]. The process of atherogenesis
is complex, involving interactions between lipoproteins, leucocytes (monocytes,
neutrophils, lymphocytes and possibly circulating stem cells) and platelets from
the bloodstream, with endothelial, smooth muscle, mast and dendritic cells within
the artery wall. Following activation or dysregulation of the endothelium lining the
vessel, lipoproteins, such as low-density lipoproteins (LDL) can accumulate within
the intima and become modified via oxidation, triggering an immune response re-
sponsible for attracting and recruiting leucocytes to this site. Once there, mono-
cytes differentiate into macrophages, and polarise to generate a heterogeneous
phenotypic pool, depending upon the stimuli present in the microenvironment.
Pro-inflammatory (M1) and anti-inflammatory (M2) macrophages represent dis-
tinct extremes of this phenotypic spectrum, which is influenced by differentiation
factors, such as granulocyte macrophage colony stimulating factor (GM-CSF; M1)
and M-CSF (M2), by priming T-cell derived cytokines such as interferon (IFN)-g
and interleukin (IL)-13 (M1) and IL-4 and IL-10 (M2), and by the presence of
oxidized LDL [3].

Loss of effective macrophage cholesterol homeostasis lies at the heart of early
(fatty streak), developing and unstable atherosclerotic lesions [4—6]. Macrophage
‘foam cells’ become laden with cholesterol and cholesteryl ester, in part from the
uptake of apoptotic cells, and in part via the unregulated uptake of modified lipo-
proteins, such as oxidized LDL, by scavenger receptors such as cluster of differen-
tiation (CD)36, CD68, lectin-like oxidized LDL receptor 1 (LOX-1) and SR-Al/
AlL forming early ‘fatty streak’ lesions [4—7]. During this early phase, macrophage
recognition of modified lipoproteins, and phagocytosis of cellular debris and ne-
crotic/apoptosed cells, may help to protect against atheroma progression; however,
in more advanced lesions, cholesterol-laden macrophages, by releasing inflamma-
tory cytokines and matrix metalloproteinases, contribute to chronic unresolved in-
flammation, leading to acceleration of the disease process and acute thrombotic
states, such as myocardial infarction or stroke [7].

Removal of cholesterol, from macrophage ‘foam cells’ within the artery wall
may therefore be a key factor in achieving successful regression and stabilisation of
atheroma. This goal can be achieved, to varying degrees of efficacy, by the reverse
cholesterol transport pathway mediated by high-density lipoproteins (HDL), as
evidenced by epidemiological studies in humans, and in genetically modified mice
in which components of this pathway have been overexpressed or deleted [8—12].
In the Framingham Study, risk for coronary artery disease (CAD) rose sharply as
levels of HDL fell below 40 mg/dl. Plasma levels of HDL-cholesterol (HDL-C)
were inversely predictive of coronary heart disease in the Lipid Research Clinics
Primary Prevention Trial [10]. However, HDL particles not only aid removal of
cholesterol from peripheral tissues, but also possess antioxidant properties [8—12],
and can counteract the chronic inflammation [8—12], proliferation of haematopoetic
stem cells [13] and leucocytosis which promote atherosclerosis [14]. Intriguingly, it
is clear that in patients with systemic inflammation, coronary heart disease, chronic
renal disease, and diabetes, the protective, anti-atherogenic properties of HDL are
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lost, or the particles are transformed into those with pro-atherogenic potential [12].
These findings indicate that it is not just the level, but the quality and function of the
HDL particles that are important.

Some, but not all, of the beneficial anti-atherogenic effects associated with HDL
are mediated by interactions with adenosine triphosphate (ATP)-binding cassette
(ABC) transporters, ABCA1, ABCG1 and ABCG4, which promote cellular cho-
lesterol efflux, the first step in the reverse cholesterol transport process [9]. While
ABCA1 promotes the efflux of cholesterol and phospholipids to lipid-poor accep-
tors, such as Apolipoprotein (Apo)A-I and ApoE [15], ABCG1 and ABCG4 pro-
mote efflux of cholesterol, oxysterols and desmosterol to HDL [16]. Thus, these
transporters work in concert to generate HDL, which subsequently mature within
the reverse cholesterol transport pathway in the bloodstream, via interactions with
lecithin cholesterol acyltransferase (LCAT), phospholipid transfer protein (PLTP)
and cholesteryl ester transfer protein (CETP), enabling the transfer of excess cho-
lesterol from peripheral tissues to the liver for excretion in the form of bile and bile
acids [9, 15, 16].

Liver X Receptors: Master Regulators of Lipid Metabolism
and Inflammatory Responses

Expression of ABCA1, ABCG1 and ABCG4 lie under the control of nuclear Liver
X receptors (LXRa/B), which are pivotal in orchestrating appropriate cellular re-
sponses to elevated sterol content [17-19]; both synthetic and oxysterol LXR li-
gands potently up-regulate ABCA1, ABCG1 and ABCG4 gene expression in human
monocytes and macrophages. Liver X receptors form heterodimers with retinoid X
receptors (RXRs), bound to an imperfect direct repeat of the nuclear receptor half-
site, TGACCT, separated by four bases (direct repeat (DR)-4) [17]. Further, cho-
lesterol biosynthesis can be repressed by LXRa, via novel negative LXR deoxyri-
bonucleic acid (DNA) response elements within the promoter of squalene synthase
and lanosterol 14a-methylase (CYP51A1) [20], while uptake of LDL is blocked by
transcriptional induction of the E3 ubiquitin ligase Idol (inducible degrader of the
LDL receptor) [21]. These events, together with sequestration of sterol regulatory
element binding proteins (SREBPs) at the endoplasmic reticulum, and storage of
excess cholesterol via Acyl CoA: Cholesterol Acyltransferase (ACAT) as cytosolic
droplets of cholesteryl-ester, form a coordinated homeostatic response, preventing
excess sterol accumulation [22, 23]. Cholesterol deposition in peripheral tissues and
accelerated atherosclerosis ensue, following deletion of the gene encoding LXRa
(NRIH3) in ApoE™" mice, while loss of both LXRa and LXRp isoforms elicited
lipid accumulation within foam cells in the aortic root, despite the absence of an
atherogenic stimulus [reviewed in 22].

Further, LXRs transrepress genes involved in the inflammatory response, via
a mechanism involving nuclear receptor co-repressor (NCoR), silencing media-
tor of retinoid and thyroid receptors (SMRT) and inhibition of nuclear factor kB
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(NF-kB) signalling [24]. Thus, activation of LXR results in repression of an array
of inflammatory genes in macrophages, stimulated by exposure to bacteria, lipo-
polysaccharide (LPS), tumour necrosis factor (TNF-a) or interleukin-13 (IL-1B)
[reviewed in 25]. These genes include inducible nitric oxide synthase (iNOS), cy-
clooxygenase-2 (COX-2), interleukin-6 (IL-6) and IL-1p, as well as chemokines
implicated in monocyte recruitment to the vessel wall, such as monocyte chemoat-
tractant protein-1 (MCP-1) and MCP-3. Importantly, both LXRa and LXRf appear
to possess equivalent anti-inflammatory activity, as LXR ligands can repress these
genes in macrophages derived from either LXRa or LXRf null mice, but not from
macrophages null for both isoforms of this nuclear receptor [26].

Finally, while it is clear from the above that LXRs integrate cholesterol me-
tabolism and inflammatory responses, it is evident that these transcription factors
also play a significant role in the control of hepatic fatty acid metabolism. Disrup-
tion of the gene encoding LXRa, leads to loss of expression of Sterol Regulatory
Element Binding protein-1c (SREBP-1c), fatty acid synthase (FAS) and stearoyl
CoA desaturase-1 (SCD-1) in mice [25]. Certainly, treatment with synthetic LXR
ligands triggers increases in hepatic and plasma triglyceride levels, posing a chal-
lenge for the development of these molecules as anti-atherogenic therapeutic agents
[27]. LXR also directly activates the expression of the gene encoding carbohydrate
response-element binding protein (ChREBP), the other major transcriptional ac-
tivator of hepatic lipogenesis [28]. Thus, LXR, SREBP-1c and ChREBP work in
combination to increase the expression of genes needed for hepatic lipogenesis and
triglyceride biosynthesis.

Macrophage Generation of Oxysterol Ligands
for Liver X Receptors

Potential sources of oxysterol ligands for LXRs within developing atherosclerotic
lesions could derive from uptake of oxidized LDL [22, 23], from the cholesterol
biosynthetic pathway [20], or via cholesterol modification by sterol 27-hydroxy-
lase (CYP27A1) [29-32] at the interface between the inner mitochondrial mem-
brane and the matrix. However, the major oxysterols in oxidized LDL, 7-keto and
7-B-hydroxycholesterol do not bind LXRa [17-19], and formation of 24(S), 25-ep-
oxycholesterol via the cholesterol biosynthetic pathway is profoundly repressed
in cholesterol-enriched macrophage ‘foam’ cells [20]. By contrast, CYP27A1 can
produce a number of oxysterol ligands for LXRa [31], the role of 27-hydroxy-
cholesterol as an LXR ligand has been confirmed in vivo [32], and production
of 27-hydroxycholesterol has been directly linked with LXRa activation, and in-
duction of ABCA1 mRNA and protein in macrophages [33, 34], endothelial cells
[35], enterocytes [36, 37] and neurons [38]. Loss of CYP27A1 is associated with
loss of ABCA1 induction in response to cholesterol loading in human fibroblasts
[39]; equally, diminished 27-hydroxycholesterol production occurs in murine mac-
rophages depleted of Niemann-Pick C protein [40], and human fibroblasts with
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cholesteryl ester storage disease [41], both conditions associated with impaired up-
regulation of ABCA1 or ABCG1 and reduced cholesterol efflux.

The gene encoding human CYP27A1 is located on chromosome 2q35, producing
a cytochrome P450 enyzme consisting of a 498-amino acid mature protein, local-
ised by a 33 amino acid mitochondrial signal sequence. The protein has established
adrenodoxin (residues 351-365) and heme-binding sites (residues 435-464), which
interact with cofactors, adrenodoxin and adrenodoxin reductase to mediate elec-
tron transfer from NAPDH and facilitate the oxidation of the cholesterol side chain
[reviewed in 42]. The autosomal recessive lipid storage disorder, cerebrotendinous
xanthomatosis (CTX), is caused by mutated forms of CYP27A1 [42—44]. While the
familial phenotype of CTX is complex, and cannot be reproduced by genetic dele-
tion in mice [44], patients accumulate cholesterol and cholestanol in tissues, suffer
progressive neurological deterioration and, as a secondary complication in 10 % of
individuals, accelerated atherosclerosis [43]. Importantly, delivery of cholesterol
to the inner mitochondrial membrane, via the mitochondrial cholesterol-trafficking
complex, has been proven to be the rate-limiting factor controlling the activity of
CYP27A1 [45, 46].

Supply of Cholesterol to CYP27A1: A Role for StAR

One current model by which cholesterol is transferred from the outer to the cho-
lesterol-poor inner mitochondrial membrane, involves a basal complex, form-
ing contact sites between these membranes, composed of the 18 kDa transloca-
tor protein (TSPO), VDAC (voltage-dependent anion channel) and ANT (adenine
nucleotide transporter) [reviewed in 47, 48]. In steroidogenic tissues subjected to
acute hormonal stimulation, a ‘transduceosome’ complex forms, involving the re-
cruitment of the regulatory subunits of protein kinase A (PKA-R1a) and acyl CoA
binding domain proteins-1 and -3. Elevated levels of cyclic adenosine monophos-
phate (cAMP) then release PKA catalytic subunits to phosphorylate StAR at the
outer mitochondrial membrane; import of both StAR and cholesterol into the inner
mitochondrial membrane and matrix facilitate both the proteolytic processing of
StAR to its 30 kDa form, and the concomitant conversion of cholesterol into preg-
nenolone [47-49]. More recently, Rone et al. [50] described a dynamic 800 kDa
bioactive protein complex in steroidogenic cells, spanning the outer and inner mi-
tochondrial membranes, consisting of TSPO, VDAC, cytochrome P450 side chain
cleavage enzyme (CYP11A1), ATPase family AAA domain-containing protein 3 A
(ASTAD3A) and optic atrophy type 1 proteins, but not ANT [50]. Addition of StAR
mobilised the cholesterol bound to the 800 kDa complex, leading to increased ste-
roid formation by CYP11A1. Whether the same proteins are involved in creating
a suitable microenvironment for cholesterol import, trafficking and metabolism by
CYP27A1 is not known.

It is clear, however, that the expression and functional role(s) of StAR in non-
steroidogenic tissues are concepts currently gaining ground [reviewed in 51]. The
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expression of StAR in endothelial cells was first demonstrated by Ning et al. [52]
in venules of human connective tissue, intima of human aorta, primary cultures of
rat heart microvascular endothelial cells and the murine brain microvascular endo-
thelial cell line (bEnd.3) [52]. Castillo and co-workers also verified the presence
of immunoreactive StAR in endothelial cells in rodent aortae [53]. Ma et al. [54]
discovered the expression of StAR in primary peritoneal macrophages isolated from
ApoE™" and C57BL/6 J mice, and in the RAW 264.7 (Abelson murine leukaemia
virus-induced tumor) murine macrophage cell line [54]. Borthwick et al. [55] con-
firmed the expression of StAR in human THP-1 monocyte-macrophages, and in
human peripheral blood monocytes and human heart aorta [55, 56]. It should be
recognised, however, that the expression of StAR in vascular cells is far lower (1072
to 107#) than those found in adrenal or gonadal tissues [51].

Regulation of Expression of StAR in Vascular Cells
and Tissues

Free cholesterol, LDL-cholesterol and 25-hydroxycholesterol have been shown to
increase levels of StAR mRNA and protein in the bEnd.3 endothelial cell line in a
time (0-24 h) and dose-dependent (0-20 pug ml™") manner [52], findings consistent
with a role for StAR in the atheroprotective cholesterol efflux pathway. Inflamma-
tory cytokines, particularly those which either prime the generation, or are produced
as effectors from, ‘classically activated’ (M 1) macrophages, can trigger decreases in
StAR expression in murine RAW 264.7 macrophages [54]. In particular, tumour ne-
crosis factor-a (TNF-a; Tnf5/2) and interferon-y (IFN-y) exert dose (1-100 ng m1 ™)
and time (0—12 h) dependent decreases in StAR mRNA and protein, while the
anti-inflammatory cytokine, transforming growth factor-B (TGF-B; 100 ng ml™)
increases the expression of StAR messenger ribonucleic acid (mRNA) and protein
[54]. Indeed, loss of StAR might conceivably form part of the mechanism by which
ABCA1 and ApoE are reduced in IFN-y primed M1 macrophages, resulting in in-
creased storage of cholesteryl ester [2, 3]. No data is available on the regulation of
StAR in alternatively activated (M2a) or regulatory (M2c¢) macrophage subsets.

In 2009, the differential regulation of StAR, and its STARD1 sub-family mem-
ber STARD3 (Metastatic Lymph Node 64; MLN64) was described in human
monocyte-derived (THP-1) macrophages [55]. Analysis of the upstream promoter
regions (—3 kb) of both genes indicated numerous putative sites for lipid responsive
transcription factors, which for StAR included SREBP, LXR and peroxisome pro-
liferator activated receptor (PPAR) response elements [55]. The differentiation of
THP-1 monocytes into macrophages, driven by the addition of phorbol ester, was
accompanied by increasing levels of phospholipids, triacylglycerol and cholesterol;
levels of StAR protein were positively and significantly correlated with increases in
macrophage cholesterol mass, and with ABCA1 protein. Conversely, acute deple-
tion of cholesterol from differentiated macrophages, using methyl B-cyclodextrin
or HMG-CoA reductase inhibitor, lovastatin, reduced steady state levels of StAR
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mRNA and/or protein [55]. Gene expression of StAR was induced by agonists of
LXR (10 uM T091317), PPARy (10 pM GW1929) and the retinoid X receptor
(5 uM 9-cis-retinoic acid), but not by agonists of PPARa (10 uM GW7647) or
PPARS (10 uM GWO0742). These data suggest StAR is an integral ‘feed-forward’
element of the macrophage cholesterol efflux pathway, activated by increases in
sterol content: LXR/RXR heterodimers increases StAR expression, enhancing the
mitochondrial transfer of cholesterol to CYP27A1, and amplifying expression of
ABCALI and/or ABCG1 [55].

Intriguingly, treatment of macrophages with the novel hypocholesterolaemic
agent, LY295427 (20 uM), which releases active SREBPs from the endoplasmic
reticulum, also induced the expression of StAR, implying that one, or more, of the
putative SREs within the StAR promoter may be functional in these cells. Chris-
tenson et al. [57] have reported that both SREBP-1a and SREBP-1c¢ stimulate hu-
man StAR promoter activity in adrenal cells; in macrophages, this may represent a
putative feedback control mechanism, whereby increased cholesterol biosynthesis
generates oxysterol ligands for LXR [55], preventing excess cholesterol accumu-
lating within the cells. Finally, levels of StAR mRNA were significantly repressed
in macrophages loaded with excess cholesterol, derived from either oxidised or
acetylated LDL, implying that loss of this protein may contribute to the aetiology
of atherosclerosis [55].

Functions of StAR in Vascular Cells and Tissues

Few studies have examined the functional impact of endogenous StAR in vascular
cells and tissues. Conditional knockout studies in murine models of atheroma, de-
signed to examine the impact of altered vascular StAR expression on the pathogen-
esis of atherosclerosis, have not been performed to date. However, combined niacin
and chromium treatment, which increases the level of StAR in endothelial cells
[58], improved vascular endothelial function in hyperlipidaemic rats [59]. Admin-
istration of chromium chloride (250 pg kg™') and niacin (100 mg kg™') per day by
gavage to rats fed a high-fat diet improved the lipoprotein profile, down-regulated
the signalling pathway mediated by the interaction of oxidized LDL with the lectin-
like oxidized LDL receptor and increased the output of the vasodilator nitric oxide
[59]. Clearly, however, this study can only suggest a role for StAR in regulation of
endothelial cell function as niacin exerts multiple effects on lipid metabolism and
cardiovascular disease [60]. Thus, the majority of studies examining the function
of StAR in vascular cells have employed forced overexpression of this protein, us-
ing either plasmid or viral vectors, with some studies utilising cAMP analogues or
phosphodiesterase inhibitors to stimulate PKA-dependent phosphorylation of StAR
to promote the full activity of this protein [61].

Links between StAR and cholesterol homeostasis in endothelial cells were sug-
gested by Ning et al. [62]. Overexpression (50-fold) of StAR protein, achieved by
adenoviral expression (48 h), increased the levels of ABCA1 and ABCG1l mRNA
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and protein by 2- to 3-fold [62] in brain microvascular endothelial cells. Further,
overexpression of StAR in primary rat aortic endothelial cells, challenged with pal-
mitic acid (200 uM), blocked the activation of NF-kB, and decreased the mRNA and/
or protein levels of IL-1B, TNFa, IL-6 and VCAM-1 [63]. Only a modest decrease
(20-30%) in each of these parameters was observed. Overexpression of StAR also
sustained the ability of these cells to activate the protein kinase B pathway, which is
linked to maintenance of endothelial nitric oxide synthase activity and nitric oxide
production [63]. Treatment with small interfering RNA (siRNA) targeted against
endogenous StAR before challenge with palmitic acid reversed these effects and
could also be reproduced by inhibitors of fatty acid synthase (cerulenin) and choles-
terol biosynthesis (lovastatin) [63].

Overexpression of StAR (130-fold) in THP-1 monocyte-derived macrophages
decreased the neutral lipid levels, and the total cholesterol mass, by about 50 %,
following exposure to oxidized LDL (50 pg ml™! for 24 h) [64]. mRNA and protein
levels of CYP27A1, LXRa, PPARy and ABCG1 were all increased by around 2
to 3-fold after 24 to 48 h in this study, leaving levels of SREBP-1/2 and ABCA1
unchanged; these changes in expression were blocked by treatment with the LXR
antagonist, 4, 4-diisothiocyanatostilbene-2, 2-disulfonic acid DIDS, confirming the
key role of LXRa activation in these events. Equally, StAR overexpression in mac-
rophages that were challenged with lipopolysaccharide (LPS) decreased the levels
of interleukin-1f3 and TNFa, but not IL-6, secreted into the medium [64].

Taylor et al. [65] generated RAW 264.7 murine macrophages that stably over-
expressed more modest levels of StAR (2.5-fold), thus avoiding any potential pro-
miscuous effects associated with expression of this protein at higher levels [65]. A
mutated, inactive form of StAR (R181L) was also expressed at the same level. In
good agreement with Ning et al. [64], StAR overexpression activated and induced
the expression of LXRa; however, in this study, the effects of StAR were evident
only in the presence of cAMP analogue (dibutyryl cAMP; 0.3 mM), indicating nor-
mal regulation of StAR activity. Importantly, the activation of the LXRE reporter
plasmid was blocked by LXRa antagonist, geranylgeranylpyrophosphate (GGPP;
10 uM) and by the sterol 27-hydroxylase inhibitor, GW273297 x (1 uM) in StAR-
overexpressing but not control macrophages. Changes in expression of an array of
genes involved in cholesterol metabolism and lipoprotein signalling were induced
by StAR overexpression [65]. Some were genes known to be down-regulated by
oxysterol mediated sequestration of SREBPs at the endoplasmic reticulum (Fdps,
Hmgcr, Mvk, Ldlr). By contrast, ABCA1 mRNA and protein expression were mark-
edly increased, reflecting oxysterol activation of LXRa, which translated into
increased efflux of cholesterol to ApoAl in StAR overexpressing macrophages.
Again, increases in cholesterol efflux caused by StAR overexpression were shown
to be dependent upon the activities of both LXR and sterol 27-hydroxylase [65].

Activation of LXRa is also consistent with the decreased expression of the in-
flammatory cytokine, TNFa observed in StAR overexpressing macrophages' How-

! Taylor Janice, Allen Anne-Marie, Borthwick Faye, Graham Annette (2009) Q-PCR analysis of
StAR-induced genes involved in lipid and lipoprotein metabolism. Glasgow Caledonian Univer-

sity.
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ever, more surprising findings emerged from microarray analyses, such as the down-
regulation of Abca?2, previously reported to be regulated in a similar way as Abcal,
with which it shares a high degree of structural homology [66]. Recent data suggest
that loss of Abca2, which is thought to sequester LDL cholesterol within lysosomes,
modulates intracellular cholesterol deposition, increasing macrophage apoptosis
and decreasing early atherosclerosis in LDL receptor '~ mice [67]. Equally, StAR
overexpression reduced levels of the Sor/1 gene, which encodes LR11, a member of
the LDL receptor family [68] that is highly expressed in atheromatous lesions, par-
ticularly in intimal, but not medial smooth muscle cells. Increased circulating levels
of soluble LR 11 correlate with intima-media thickness in dyslipidemic patients, and
in individuals with stable and acute coronary disease [68]. Finally, increased ex-
pression of the gene encoding chemokine (C-X-C motif) ligand 16 (CXCL16) was
noted in StAR overexpressing macrophages [65]; this multi-functional protein acts
as a chemokine, a scavenger receptor and an adhesion molecule, and is highly ex-
pressed in atherosclerotic lesions in murine models of atheroma; to date, however,
genetic deletion studies of CXCL16 in mice have provided conflicting results [69].

Adenoviral overexpression of StAR protein (Ad-StAR) also decreased the lev-
els of total, early and end-stage apoptosis in THP-1 monocyte-macrophages, and
prevented the induction of total and end-stage apoptosis in cells exposed to oxi-
dized LDL (25 pg ml™). In this study, by Bai et al. [70], the level of endogenous
(non-triggered) apoptosis appear to be quite high, approaching 30%, and similar
to that seen following exposure to oxidized LDL [70]. Chromatin condensation,
margination, DNA laddering, apoptotic body and lipid droplet formation were all
decreased in cells transfected with Ad-StAR. Further, levels of mRNA and protein
for the pro-apoptotic factors, Caspase-3 and Bax, were decreased consistently by
StAR overexpression, in the presence or absence of oxidised LDL, whereas levels
of mRNA and protein encoding the anti-apoptotic protein, Bcl-2, increased signifi-
cantly under the same conditions [70].

While numerous studies over the last decade, have carefully detailed the conse-
quences of loss of StAR function in steroidogenic tissues [71—73], only one study to
date has attempted to assess the effect of StAR overexpression in vivo in the context
of atherogenesis [74]. In 2009, the Yin group [74] administered adenoviral vec-
tors (1 x 10" virus particles) encoding StAR (Ad-CMV-StAR) or the same vector
expressing the enhanced green fluorescence protein (Ad-CMV-EGFP) via tail vein
injection, to ApoE™" mice aged 6 months that were fed a normal rodent chow diet.
Six days after injection, StAR expression was measured in heart, coronary artery
and liver, and blood, aorta and liver lipids were assessed [74]. As expected, given
this route of administration, the levels of StAR were substantively increased in the
liver, with marginal increases in StAR expression reported for heart and aortic tis-
sues. Serum cholesterol and triglycerides decreased by 20-30% in mice receiving
the Ad-CMV-StAR, whereas levels of HDL-cholesterol rose by about 40 % [74].
Hepatic cholesterol and triglyceride levels fell by 25 and 56 %, respectively, in mice
treated with Ad-CMV-StAR compared with control mice. Despite the low levels
of StAR observed in coronary aortae, the area of lipid accumulation at this site
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decreased substantively, from around 20 % in control mice to around 4% in Ad-
CMV-StAR treated mice [74].

Finally, several studies have reported increased expression of StAR in failing
heart, and myocardial infarction [75, 76]. Most recently, Anuka et al. [77] demon-
strated increased expression of StAR mRNA and protein following generation of
permanent myocardial infarction by ligation of the left anterior descending coro-
nary artery in female BALB/c mice. However, no increases in the other enzymes
required for steroid hormone synthesis, such as CYP11A1, were noted, suggesting
an alternative function for StAR [77]. Notably, expression of StAR was found to
be restricted to interstitial heart fibroblasts, rather than cardiomyocytes. Moreover,
using neonatal heart cells, and human heart fibroblasts, the authors showed induc-
tion of StAR protein following treatment with stressors such as hydrogen peroxide
(10 uM; 24 h) and staurosporine (0.1 pM; 3 h), suggesting it may function as a pro-
survival factor. Indeed, the presence of StAR inhibited activation of the intrinsic
apoptotic pathway, reducing the release of cytochrome c and preventing activation
of BAX (Bcl2-associated X protein), and blocking fragmentation of nuclear DNA
[77]. Whether the pro-survival function of StAR is related to its role as a cholesterol
transporter is not clear; however, the authors speculate that the presence of StAR
may facilitate proliferation and differentiation of heart fibroblasts which can help to
repair and remodel heart tissue at sites of myocardial infarction.

Summary

Targeting StAR as a Therapeutic for Vascular Disease: More Questions than
Answers The studies described to date suggest that increasing the levels of StAR
in vascular tissues can exert anti-atherogenic effects, reducing inflammation and
cholesterol accumulation (Fig. 5.1). However, there are some key questions which
remain unanswered with regard to the impact of StAR in a vascular context. One is
whether this protein is expressed endogenously at levels high enough to impact on
vascular function or disease progression. Targeted deletion and/or overexpression
studies, affecting StAR expression specifically in endothelial cells, or monocyte-
macrophages, and studying the pathogenesis of atherosclerosis in murine models
of this disease are clearly warranted. Alternatively, other members of the START
family of lipid trafficking proteins could prove better therapeutic targets, avoid-
ing the possible complications ensuing from altered local production of steroid
hormones. For example, overexpression of the endosomal cholesterol trafficking
protein, STARD3, in human (THP-1) monocyte-macrophages, can also induce
ABCA1 mRNA and protein, enhance cholesterol to ApoA-I, and limit cholesterol
esterification in response to acetylated LDL, blocking cholesteryl ester deposition
[56] (Fig. 5.1). However, it is unclear whether overexpression of STARD3 can also
facilitate anti-inflammatory responses.

Equally, the nature of the stimulus or stimuli inducing the activity of expression
of StAR in vascular tissues seems worthy of investigation. One possibility is that
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Fig. 5.1 Role of STARDI1 (StAR) and STARD3 (MLN64) in maintaining macrophage cholesterol
metabolism. Diagram illustrating the potential roles of STARD1 (StAR) and STARD3 (MLN64)
in maintaining macrophage (M®) cholesterol metabolism. The over-expression of STARDI
drives mitochondrial cholesterol trafficking to sterol 27-hydroxylase (CYP27A1), enhancing
the endogenous production of oxysterols (27-hydroxycholesterol, 27-OH), in turn activating the
Liver X Receptor (LXR) and driving cholesterol efflux to apolipoprotein-Al (apoAl), via ATP-
binding cassette transporter A1 (ABCA1). The current model for cholesterol transfer from the
outer (OMM) to inner (IMM) mitochondrial membrane involves a complex consisting of 18 kDa
translocator protein (TSPO), VDAC (voltage dependent anion channel) and adenine nucleotide
transporter (ANT). Over-expression of STARD3 may drive the transport of cholesterol to the
plasma membrane, enhancing cholesterol efflux, via ABCAI, to lipid poor acceptors, such as
ApoALl, or alternatively deliver endosomal cholesterol to the endoplasmic reticulum, retaining the
Sterol regulatory element binding protein (SREBP)/SREBP-cleavage activating protein (SCAP)
complex, in turn reducing cholesterol biosynthesis. Additionally, over-expression of STARD3
prevents increases in cholesterol esterification, reducing cholesteryl ester (CE) deposition PKA
protein kinase A, Acyl CoA cholesterol ACAT, ACAT acyltransferase, nCEH neutral cholesteryl
ester hydrolase, FC free cholesterol, NPC-1/-2 Niemann-Pick C1/C2 protein, St4AR steroidogenic
acute regulatory protein

ApoA-I may contribute to this process, as ApoA-I can activate cellular cAMP sig-
nalling via the ABCA1 transporter, triggering serine phosphorylation of ABCA1;
notably, this effect of ApoA-I is particularly evident in cells expressing high levels
of ABCA1 [78]. Many factors regulate the expression, activity and phosphoryla-
tion status of StAR in steroidogenic tissues, including gonadotropins, cytokines,
growth factors and environmental factors [48, 51, 61] (Fig. 5.2). Whether these
factors impact on vascular StAR, the cholesterol efflux pathway or atherogenesis,
in the same way is currently unknown. Intriguingly, gonadotropins, such as lutein-
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Fig. 5.2 Factors that influence the expression of steroidogenic acute regulatory (StAR) protein.
Diagram illustrating intracellular and external factors that have the potential to regulate the expres-
sion and activity of StAR (STARDI) protein

izing hormone (LH) and/or follicle stimulating hormone (FSH), key regulators
of StAR expression in steroidogenic tissues, increase macrophage expression of
genes/proteins implicated in cholesterol efflux (LXRa, ABCA1, ABCG1, ABCG4,
apolipoprotein (Apo)E) and stimulate cholesterol efflux to ApoA-I and high-density
lipoprotein (HDL)? findings which may have resonance for cardiovascular health in
individuals with altered endocrine function. Further, the cholesterol trafficking ac-
tivity of StAR, and the output of pregnenolone in steroidogenic tissues is modulated
by mitochondrial (dys)function [reviewed in 79], a feature associated with many
atherosclerotic lesions [80, 81].

Finally, it seems sensible to acknowledge any deleterious effects which may re-
sult from increased expression or activity of StAR in vascular tissues. One obvious
possibility is that the activation of LXRa will increase expression of SREBP-Ic,
resulting in induction of lipogenesis [27]. Indeed, Taylor et al. [65] reported StAR
overexpression increased incorporation of ['#Clacetate into phospholipid (~2-fold),
cholesterol (~2.5-fold) and triglyceride (~4-fold) pools, despite the fact that mac-
rophage triglyceride mass did not change [65]. Further, 27-hydroxycholesterol can
act as a selective estrogen receptor modulator (SERM), which binds to and modifies
estrogen receptor (ER)a and B function, and may adversely impact on estrogen-re-
lated cardiovascular protection and/or bone mineralisation[81-84]. In rats, at least,
27-hydroxycholesterol inhibited the estrogen-dependent production of nitric oxide,
reducing estrogen-mediated vasorelaxation [83].

2 Borthwick Faye, Graham Annette (2009) Gonadotropin-dependent regulation of genes involved
in the cholesterol efflux pathway. Glasgow Caledonian University.
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In conclusion, accumulating evidence suggests alternative roles for StAR in non-

steroidogenic tissues [51], including those within the vasculature [52-58; 62-65;
70, 74], but it is evident that studies in vivo are needed to fully evaluate the function
of StAR in this context. To date, overexpression studies in vascular cells suggest an
anti-atherogenic role for StAR, which could therefore represent a novel therapeutic
target for treatment of one of the most prevalent causes of morbidity and mortality
worldwide.
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Chapter 6
STARD3: A Lipid Transfer Protein in Breast
Cancer and Cholesterol Trafficking

Fabien Alpy and Catherine L. Tomasetto

Abstract STARD3 was isolated in the early 1990s in a study aimed at finding
new genes implicated in breast cancer. The function of the STARD3 gene, referred
to at that time as Metastatic Lymph Node clone number 64 (MLN64), remained a
mystery until the discovery of the steroidogenic acute regulatory protein (StAR/
STARDI). Indeed, homology searches showed a region of significant similarity
between StAR and the carboxy-terminal half of STARD3. This homology proved
to be functionally relevant with both proteins being cholesterol carriers; however,
quite early it appeared that they were very distinct in terms of expression, subcel-
lular localization, and function. It was then reported that STARD3 was part of a
family of 15 human proteins that shared a conserved StAR-related lipid transfer
(START) domain. Structurally, the STARD3 protein distinguishes itself by the pres-
ence of an additional conserved domain spanning the amino-terminal half of the
protein that we named the MLN64-N-terminal (MENTAL) domain. This domain
contains most of the functional properties that have been attributed to STARD3.
This chapter will present our current understanding of STARD3 function in cancer,
cell biology, and cholesterol trafficking.
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Introduction

STARD3 Perspectives: How we Discovered the Second
Member of the Steroidogenic Acute Regulatory Protein
(StAR)-Related Lipid Transfer (START) Protein Superfamily
by Catherine L. Tomasetto

This is my personal recollection about the discovery of STARD3 more than 20
years ago. I remember it as a collective effort from several people including two
young brilliant graduate students Dr. Catherine Regnier and Dr. Christel Moog. It
all started in the early 1990s when I came back to Strasbourg after spending 3 years
in Boston at Harvard University, in the Dana-Farber Cancer Institute. Under Dr.
Ruth Sager’s firm guidance, my colleagues and I chased tumor suppressor genes in
mammary epithelial cells. There I learned new methods in cloning and manipulat-
ing genes; importantly, I became an expert in the subtractive hybridization method.
In Strasbourg, I joined one of the best research institutes in Europe—the Institut de
Génétique et de Biologie Moléculaire et Cellulaire (IGBMC)—a pioneer in many
aspects of molecular biology especially in the field of gene expression. The IGBMC
was led by Dr. Pierre Chambon, one of the most prominent life scientists. In this
large institute, I naturally joined the group working on breast cancer headed by
Dr. Paul Basset and Dr. Marie-Christine Rio. My project was to find new genes
important for breast cancer, which could be used as prognostic markers, therapeutic
targets, and which would help to understand the biology of cancer. The idea was to
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isolate genes expressed in breast tumors but not in normal breast tissue. This was be-
fore the microarray era and only tedious methods were available. I chose subtractive
hybridization and we decided to work on patient biopsies instead of established cell
lines. Because we were interested in finding genes involved in aggressive tumors,
we selected tumor samples using the following clinical criteria: young age of the
patient at the onset of diagnosis, large tumor size, and elevated histological grade.
After 2 years of screening, cloning, and sequencing, we narrowed down the number
of positives hits from over 200 to 10 independents genes [1]. Among these 10 genes,
the clone number 64 was intriguing because its sequence was novel, it was over-
expressed in all breast tumors that were positive for the epidermal growth factor
receptor 2 (HER2) oncogene and it was expressed at a basal level in all tissues and
cell lines tested. Christel Moog undertook the challenge of characterizing this novel
gene; she notably found the homology with steroidogenic acute regulatory protein
(StAR) and produced the consensus sequence for this region of homology that she
called the StAR homology domain (SHD; [2]). We tried to establish a link between
STARD3 and endocrine-dependent breast cancer. One of the major subtypes of
breast cancer expresses high levels of the estrogen receptor and can be treated with
endocrine therapies. To our disappointment, Christel found that STARD3 did not
promote steroidogenesis in breast cancer cells and was not localized in the mito-
chondria (unpublished, [2]). Then, fortunately, a dedicated and talented graduate
student, Dr. Fabien Alpy, joined us, became interested in this peculiar protein, and
took on the challenge of finding its function. His major contributions were to dis-
cover the subcellular localization of STARD3 in late endosomes and the definition
of a novel conserved domain that he called MENTAL for MLN64-N-terminal do-
main [3]. Almost a decade later, Fabien is now a staff scientist on the team, remains
very interested in STARD3 and is committed to the pathophysiological functional
characterization of STARD3.

I thank all the colleagues who have contributed to the work that is described
in this chapter. I apologize for leaving out many names. I acknowledge funding
from the French research agencies: Institut National de la Santé et de la Recherche
Meédicale (INSERM), Center National de la Recherche Scientifique (CNRS); the
University of Strasbourg; and the charities: the Fondation pour la Recherche Medi-
cale, the fondation ARC pour la recherche sur le cancer, and the Ligue nationale
Contre le Cancer.

STARD3 Overview

STARD3 was first isolated in a screen designed to identify new genes impli-
cated in breast cancer. Using subtractive hybridization as a screening method,
several unknown complementary deoxyribonucleic acids (cDNAs) were isolat-
ed from a library prepared from a pool of metastatic lymph nodes derived from
breast cancers. STARD3 was originally the 64 clone isolated in the screen and
was therefore named metastatic lymph node clone 64 (MLN64; [1]). In this
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original publication, we showed that the STARD3 gene lied next to the onco-
gene HER2/ERBB2 on chromosome 17q11-12 and proposed that amplification
of this chromosomal subregion was responsible for the observed co-expression
between STARD3 and HER2 in breast cancer cells [1]. This hypothesis was
substantiated using a series of about 100 human primary breast cancers which
showed that STARD3 was indeed co-amplified and co-expressed with HER2
in about 25 % of breast cancers [4]. Several years later, STARD3 was isolated
again by a different group in the context of breast cancer and named CAB1 for
co-amplified with ERBB-2 as a new gene co-amplified and overexpressed in
breast cancer [5]. Soon after its identification, we noted that STARD3 shares
a functionally conserved domain with the StAR protein [2, 6]; this finding
provided the foundation for the definition of a novel conserved protein family
called the StAR-related lipid transfer (START) protein superfamily ([7-11]
and see Chaps. 1 and 2). A second insight into STARD3’s function came from
the identification of its subcellular localization at the membrane of late endo-
somes [12] and from its bi-functional protein structure [13, 14]. Over the last
decade, efforts to understand the pathophysiological function of STARD3 have
proceeded along two main research themes, cholesterol trafficking and cancer;
these themes will be discussed in this chapter.

STARD3 is a Bi-Functional Protein Conserved
from Unicellular Organisms to Humans

STARD3 is characterized by the presence of two distinct structural domains
separating the protein in two halves (Fig. 6.1a). The amino-terminal half of the
protein is highly conserved during evolution; it is present in a second protein
called STARD3 N-terminal like (STARD3NL) originally named MLN64 N-
terminal homolog (MENTHO; [13]). As shown in Fig. 6.1a, the carboxy-ter-
minal half contains a START domain conserved with STARDI1 also known
as StAR (see Chap. 1). Like STARD1, STARD3 can enhance steroidogenesis
in cellular assays; removal of the conserved START domain resulted in the
complete loss of steroidogenic activity; on the contrary, removal of the amino-
terminal region of STARD3 increased this activity [6, 15]. In addition, the
isolated recombinant START domain of STARD3 was shown to be a sterol
transfer protein in vitro [16—18]. In early studies, the 3-dimensional structure
of the START domain of STARD?3 illustrated the presence of a deep lipid-
binding pocket able to accommodate one molecule of cholesterol; consistently,
in vitro the START domain bound cholesterol at an equimolar ratio [19]. Since
the structure/function of the START domain will be extensively described in
other chapters (see Chaps. 3 and 4), we will describe here mainly the structure/
function of the MENTAL domain of STARD3.
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STARD1/StAR
STARD3
STARD3NL
a
b

Fig. 6.1 STARD?3 contains two domains and is conserved during evolution. a Schematic represen-
tation of STARDI1, STARD3 and STARD3NL proteins. The START and MENTAL domains are
in green and blue respectively. Transmembrane helices within the MENTAL domain are boxed in
blue. The mitochondrial-addressing (M) and the FFAT motifs are boxed in yellow and pink, respec-
tively. The amino- and carboxy-terminal extremities are indicated by N and C, respectively. Num-
bers located between dotted lines are similarity percentages between the proteins in the domain
defined. b Phylogenetic tree of 20 STARD3 and 6 STARD3NL orthologs. The whole sequences
were aligned by the Eclustalw program (Genetics Computer Group, Madison, WI). The phyloge-
netic tree was drawn with the Interactive Tree Of Life v2 software [67]. START steroidogenic acute
regulatory protein (StAR)-related lipid transfer, MENTAL metastatic lymph node clone number
64-N-terminal, FFAT diphenylalanine [FF] in an acidic tract
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The MENTAL Domain Distinguishes STARD3
from the Other START Proteins

The finding of STARD3NL, a second protein sharing a high homology with the
N-terminal half of STARD3, provided the basis for the definition of a novel pro-
tein domain that we named MENTAL after the original designation of STARD3
as the MLN64 protein [13, 14]. The MENTAL domain is composed of four trans-
membrane helices with three short intervening loops (Fig. 6.1a). This organization
resembles the structural organization of the protein from the Tetraspanin superfam-
ily; however, no significant homology with Tetraspanin protein sequences or with
other proteins containing four transmembrane helices was found. Thus, the MEN-
TAL domain is unique to STARD3 and STARD3NL. To examine the evolution of
STARD3, we performed a multi-alignment analysis of STARD3 and STARD3NL
primary sequences (Fig. 6.1b). Interestingly, STARD3 is present within all the ani-
mal kingdom as well as in unicellular organisms closely related to animals [20, 21].
Unlike STARD3, STARD3NL exists only in vertebrates (Fig. 6.1b). The restricted
presence of STARD3NL in vertebrates as well as the identical gene organization
between human STARD3 and STARD3NL genes [22] suggest that STARD3NL
originates from a duplication event of the STARD3 gene.

The MENTAL Domain Addresses STARD3
to Late Endosome (LE) and Promotes Homo-
and Hetero-Oligomerization

STARD?3 does not contain any of the typical late endosome (LE)-addressing motifs.
However, by using a mutagenesis approach, it was demonstrated that the MENTAL
domain was necessary and sufficient to target both STARD3 and STARD3NL to the
endosomal limiting membrane of LEs [12, 13, 23]. In addition, using microinjec-
tion and endocytosis of specific antibodies, we showed that the MENTAL domain
controls the orientation of the protein with respect to the endosomes and projects the
START domain into the cytoplasm [12, 13]. Of note, utilizing electron microscopy,
STARD3 was shown to mainly localize at the surface of late endosomes with an un-
even staining pattern, suggesting that the protein could accumulate in discrete sub-
regions of the membrane [12]. The structural resemblance of the MENTAL domain
with Tetraspanins, which are known to associate with one another and to form a
tetraspanin web [24] also supported the notion that STARD3 and STARD3NL could
form protein complexes at the membranes of endosomes. Using classical biochem-
istry and imaging approaches, we demonstrated that STARD3 and STARD3NL
homo- and hetero-oligomerize and that the MENTAL domain is instrumental in
promoting this interaction [14].
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The MENTAL Domain is a Cholesterol-Binding Domain

To gain insight into the molecular mechanism implicated in the handling of cho-
lesterol by STARD3, an in vivo cholesterol-binding assay was used in living cells.
In this experiment, radiolabeled photoactivatable cholesterol was provided to liv-
ing cells using low-density lipoprotein particles (LDL). After cross-linking and
immunoprecipitation, it was shown that the MENTAL domain of STARD3 was
a cholesterol-binding domain indicating that STARD3 contains two distinct cho-
lesterol-handling domains [14]. Moreover, a recent proteome-wide mapping of
cholesterol-interacting proteins substantiates this finding. Using the click chemis-
try methodology, the repertoire of cholesterol-bound peptides from HeLa cells has
been identified by Hulce et al. [25]. Of interest, several cholesterol-bound peptides
belonging to STARD?3 (residues 243-260 and 286—-307) and STARD3NL (residues
23-37 and 185-196) were identified. These novel findings support the notion that
both STARD3 and STARD3NL, by using their MENTAL domains, trigger the for-
mation of microdomains enriched in cholesterol. The exact molecular mechanism
behind cholesterol transport mediated by STARD3 and STARD3NL is still unclear
however as shown in Fig. 6.2a, several mode of action models can be proposed. The
exact molecular mechanism behind cholesterol transport mediated by STARD3 and
STARD3NL is still unclear. However, as shown in Fig. 6.2a, several mode of action
models can be proposed.

The MENTAL Domain has an Endoplasmic Reticulum (ER) Tethering Activity We
recently showed that the MENTAL domain contains a conserved diphenylalanine
[FF] in an acidic tract (FFAT)-like motif ([26]; Fig. 6.1a). FFAT motifs were iden-
tified as signals responsible for targeting cytosolic proteins to the surface of the
ER by directly interacting with vesicle-associated membrane protein (VAMP)-
associated protein] proteins (VAP; [27]). For instance, some oxysterol-binding
protein-related proteins (ORPs) contain conserved FFAT motifs that target them
to the ER surface. Because STARD3 and STARD3NL are not free cytosolic pro-
teins but LE-anchored proteins, the interaction between STARD3, STARDNL and
VAP proteins has a strong impact on the subcellular architecture. In cells express-
ing either STARD3 or STARD3NL, transmission electron microscopy pictures
show that endosomes are covered by the ER (Fig. 6.2b). To gain more details on
the localization of STARD3 with respect to subcellular architecture, immuno-
gold labeling of STARD3 was performed on ultrathin sections using an antibody
coupled to gold particles (Fig. 6.2b). Labeling of STARD3 was enriched at the
outer periphery of LE in regions directly facing the ER (Fig. 6.2b; [26]) This
endosome-ER tethering results in the formation of specific subcellular regions
named membrane contact sites (MCSs) (Fig. 6.2b). The molecular identity of
this LE-ER tethering complex is not exhaustive, but it contains STARD3 and/
or STARD3NL and VAP proteins. In addition, extended endosome-ER contacts
mediated by STARD?3 alter the dynamics of the endosomal compartment by pre-
venting vesicle-to-tubule transitions [26]. The functional significance of these



126 F. Alpy and C. L. Tomasetto

e Intramolecular

STARD3 STARD3NL

- Intermolecular

STARD3 STARD3

Fig. 6.2 STARD?3 belongs to an inter-oganelle tethering machine. a Possible modes of action of
STARD?3 to transfer cholesterol. The MENTAL domain of STARD3 (blue) anchors the protein
to endosome membranes, leaving its C-terminal START domain (green) in the cytoplasm. The
START domain of STARD3 might work by extracting cholesterol (yellow) bound to its MENTAL
domain from the late endosome membrane and transfering it to a closely positioned acceptor mem-
brane or protein. STARD3 works as a monomer, oligomer, or inverted oligomer at the membrane
of late endosomes making several cholesterol transfer scenarios possible. STARD3 may extract
cholesterol using intramolecular or intermolecular mechanisms (see text for details). b STARD3
expression induces the wrapping of the ER around endosomes. Top panels: Left: transmission elec-
tron microscopy image of HeLa cells overexpressing STARD3. Right: interpretation scheme of the
TEM image: the ER and endosomes are green and pink, respectively; part of the nucleus and part
of a mitochondria are gray and black, respectively; ribosomes are represented as small dots lining
the ER. Bottom panels: immunogold labeling of STARD3 positive endosomes. Lefi: gold-labeled
STARD3 (black dots) is mainly found on the limiting membrane of endosomes. STARD3-positive
endosomes are often tightly surrounded by ER-like structures. Right: Interpretation scheme of the
TEM image with gold particles represented by red crosses; endosomes and ER are colored in pink
and green, respectively. Bars represent 200 nm. START steroidogenic acute regulatory protein
(StAR)-related lipid transfer, MENTAL metastatic lymph node clone number 64-N-terminal, TEM
transmission electron microscopy, ER endoplasmic reticulum

specific endosome-ER MCSs remains to be addressed, but they probably repre-
sent specialized subcellular regions where signals and small molecules, such as
lipids and calcium, are exchanged between organelles.
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I. STARD3 is Implicated in the HER2 Molecular Subtype
of Breast Cancer

STARD3 Belongs to the Smallest Region of HER2 Amplification Breast cancer is a
heterogeneous disease at the genetic, molecular, and clinical levels. Studies report-
ing gene expression profiling revealed multiple tumor subtypes [28]. These distinct
subtypes may reflect the variety of cell types found in the breast, their differen-
tiation stages, and their phenotypic modifications via specific genomic alterations
and key signaling pathways. In clinical practice, a basic molecular classification
of breast cancer that considers three main subtypes is used to determine patient
care: Luminal A and B, which express the estrogen receptor; HER2-positive tumors
characterized by amplification and overexpression of the epidermal growth factor
receptor 2 (ERBB2/HER2/neu); and triple-negative cancers, which do not express
these receptors. This classification and the use of anti-hormonal and HER-2-tar-
geted therapy made a significant difference in clinical outcome [29]. Neverthe-
less, within these groups heterogeneity remains and, for instance, the molecular
variations within the HER2 subgroup and their clinical implications remain largely
unknown. HER2-positive tumors have higher levels of overall genomic instabil-
ity than HER2-negative tumors. This observation supports the notion that HER2
amplification is functionally implicated in chromosomal instability on Chr17q [30].
Moreover, the complexity of the genomic alterations found at the HER2 locus high-
lights the diversity of HER2-amplified breast cancers. Since the identification of
HER?2 amplification in breast cancer, multiple genes have been reported to be co-
amplified with HER2, supporting the idea that they contribute to the phenotype of
individual tumors (reviewed in [31]). By identifying four new genes overexpressed
and co-amplified with HER2 in breast cancer, we made one of the first observations
in this area and proposed that these co-amplified genes—in particular STARD3—
could possibly contribute to HER2-positive cancers [1, 4].

When STARD3 was identified, it was clear that its expression in breast cancer
was linked with HER2 amplification. We demonstrated that the co-amplification
of STARD3 and HER2 is due to the close association of their genes [1], an as-
sociation also conserved in the mouse genome (F.A. and C.T., unpublished). As
shown in Fig. 6.3a, STARD3 and HER?2 are located approximately 30-40 kb apart
on chromosome 17q11-12. Several other genes are also found in this region that
flank STARD3; on the centromeric side, the dopamine and cyclic adenosine mono-
phosphate (cAMP)-regulated phosphoprotein (DARPP32) gene is 0.5 kb upstream
of the STARD?3 transcriptional start site, whereas on the telomeric side, the Teletho-
nin gene starts 2 kb downstream of the 3" end of the STARD3 gene [22]. However,
unlike STARD3 and HER2, these two genes, although amplified, are not always
expressed in HER2 breast cancer cells (Fig. 6.3b), indicating that amplification is
not sufficient to drive overexpression [22]. Actually, the analysis of the STARD3
promoter region provided a clue regarding its overexpression with HER2. Indeed,
both STARD3 and HER2 genes share Spl binding sites in their promoter regions
supporting the notion that these genes are likely to be co-regulated by transcription
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Fig. 6.3 Co-amplification of STARD3 with HER2 in breast cancer cell lines. (Adapted from [22]).
a Schematic representation of the genes present in the HER2 amplicon. This map was built using
the human chromosome 17 sequence. DARPP32, dopamine, and cAMP regulated phosphopro-
tein (Accession no. AF233349); STARD3 alias metastatic lymph node 64 (Accession no. NM
006804.3); TCAP, telethonin or titin cap (Accession no. NM 003673); PNMT, phenylethanol-
amine N-methyltransferase (Accession no. NM 002686); PGAP3, post-GPI attachment to proteins
3 (Accession no NM 033419); ERBB2, avian erythroblastic leukemia viral oncogene homolog
2 (Accession no. NM 004448); MIEN1, migration and invasion enhancer 1 (Accession no. NM
032339.3); GRB7, growth factor receptor-bound protein 7 (Accession no. XM 012695). b Ampli-
fication and expression analysis of STARD3, DARPP32, Telethonin, and HER2 in cancer cel/
lines. A total of 10 pg of EcoRI-digested genomic deoxyrhobonucleic acid (DNA) (i) or 10 ug of
total ribonucleic acid (RNA) (ii) extracted from various cancer cell lines were loaded in each lane
as indicated. Hybridizations were carried out successively with probes corresponding to STARD3,
dopamine and cyclic adenosine monophosphate (cAMP)-regulated phosphoprotein (DARPP32),
Telethonin, and epidermal growth factor receptor 2 (HER2). The loading control was the acidic
ribosomal phosphoprotein PO, 36B4 probe

factors belonging to the specificity protein/Kriippel-like factor (Sp/KLF) family
that bind to these motifs [22].

To date, several studies using genome-wide microarray methods have defined
the molecular identity of the HER2 amplicon in breast cancer [32-37]. Taken to-
gether, these studies indicate that the HER2 smallest region of amplification (SRA)
is limited to a small number of genes, including STARD3 and growth-factor-bound
protein 7 (GRB7). The data suggest that co-amplification and co-expression of vari-
ous genes of the HER2-SRA likely influence the biology of theses tumors, includ-
ing the response to anti-cancer treatments. Therefore, it is necessary to understand
the prognostic impact and function of STARD3 in HER2-positive cancers.

STARD3 Contributes to the HER2-Amplicon Addiction Phenotype Some studies
have addressed the prognostic significance of STARD3 co-amplification in patients
with HER2-positive tumors; they all agree in showing that STARD3 amplification is
associated with a shorter overall survival and disease-free survival in these patients
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[38—40]. The association of STARD3 with a poorer prognosis supported the idea that
it has a direct influence on the aggressiveness of breast cancer cells. We originally
proposed that STARD3 plays a synergistic role with HER2 during breast carcino-
genesis. Consistent with this hypothesis, STARD3 downregulation in HER2 ampli-
fied cell lines resulted in reduced cell proliferation and increased cell death; on the
contrary, STARD3 silencing in other cancer cells which are not HER2-amplified
has no impact on cell growth and viability ([41]; Fig. 6.4a and b). Paradoxically,
STARD3 forced expression in a non-HER2 cell line, like HeLa cells, compromises
cell proliferation (Fig. 6.4a and b). The molecular mechanism by which STARD3
and HER2 may cooperate is still unclear. STARD3 and HER?2 are highly conserved
across different species and they are ubiquitously expressed but belong to distinct
protein families. HER2 belongs to the epidermal growth factor receptor (EGFR) pro-
tein family that comprises four members, EGFR, HER2, HER3, and HER4 [42].
Unlike the other member of the family, HER2 lacks ligand-binding activity. More-
over, compared to EGFR which undergoes a robust endocytosis and degradation
upon activation, HER2 is slowly endocytosed and recycled to the cell surface [43].
Despite many attempts, we failed to find a direct interaction between STARD3 and
HER2 . Actually, in HER2-positive tumor samples, these proteins do not co-localize,
with HER2 being predominantly present at the cell surface and STARD?3 in the late
endocytic compartment (Fig. 6.4c). Therefore, we reasoned that STARD3 might
cooperate with HER2 by an indirect molecular mechanism which remains to be
identified. Of interest, through loss of function studies (LOF), Cai et al. [39] showed
that STARD?3 contributes to proliferation in Michigan Cancer Foundation-7 (MCF7)
cells and adhesion in Monroe Dunaway Anderson- Metastatic Breast-231 (MDA-
MB-231) cells. This study pointed to a function of STARD?3 in cell matrix adhesion
and suggested a regulatory role for STARD3 on focal adhesion kinase (FAK; [39]).
These cell models are, however, representative of luminal and basal breast subtypes
and therefore, whether these functions are relevant to the HER2 subtype remains to
be addressed. In HER2-amplified cells, Sahlberg et al. [44] did a systematic study
of HER2 co-amplified genes by LOF and found that several genes of the amplicon,
including STARD3 and GRB7, decreased cell viability. They also found that silenc-
ing of both STARD3 and HER2 had an additive effect on decreased cell viability
and increased apoptosis [44]. These authors evoke the concept of “oncogene addic-
tion” to explain this phenotype. This concept characterizes the dependency of some
cancers on one or a few genes for the maintenance of the malignant phenotype [45].

In conclusion, in cancer STARD?3 is linked at the genetic and functional levels
with HER2. HER2-amplified cancer cells are dependent on co-amplified genes in-
cluding STARD3 for their growth and survival. In contrast, in other cancer cells
STARD?3 is dispensable for growth. Actually, STARD3-deficient mice are viable
and do not show any growth defects indicating that STARD3 is not essential for cell
survival under normal conditions [46]. Paradoxically, STARD3-forced expression
is toxic in cancer cells which are not HER2-amplified. Moreover, acute STARD3
expression in the liver of mice induced damage and apoptosis [47]. Cancer is a
multistage process, and cancer cells (particularly HER2-amplified cancer cells)
have unstable genetic material and they must continuously adapt to maintain their
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Fig. 6.4 HER2-amplified breast cancer cells are addicted to STARD3. a Growth curves illustrat-
ing the paradoxical role of STARD3 on cell proliferation. Cell growth was analyzed using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Left: growth curves
for the breast cancer HER2-amplified cell line SK-BR-3 after STARD3 silencing. Compared to
the parental and control shRNA cell lines, clones silenced for STARD3 using two distinct silenc-
ing constructs have an impaired growth. Middle: cell growth curve for HeLa cells after STARD3
silencing. The same experiment was repeated in a HER2-non amplified cell line. In HeLa cells,
(cervical carcinoma cells), silencing of STARD3 using the same shRNA strategy does not com-
promise cell growth. Right: cell growth curve after STARD3 overexpression in HeLa cells. HeLa
cells, expressing high levels of STARD3 have an impaired growth compared to control (empty
vector) cells. b STARD3 expression in the cell lines analyzed in a. Protein extracts (~ 10 pg) were
analyzed by immunoblotting using anti-STARD3-, -Actin-, and —Tubulin-specific antibodies. In
the middle panel a long exposure time was necessary to detect endogenous STARD3 expression in
HeLa cells, the asterisk represents a non-specific band. ¢ HER2 and STARD3 do not co-localize
in an invasive ductal carcinoma of the breast. Double immunofluorescence in the same tissue sec-
tion shows: (i) HER2-plasma membrane staining; (ii) STARD3, cytoplasmic granular staining;
(ii1) merge image of HER2 (red), STARD3 (green) and nucleus (blue); note the absence of yellow
staining revealing the lack of co-localization. HER2 epidermal growth factor receptor 2, shRNA
short hairpin ribonucleic acid
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integrity, survive, and proliferate. The “oncogene addiction” concept suggests that
signal transduction and gene expression are regulated in very different manners
in cancer cells compared to normal cells, making the former more dependent on
the activity of specific genes [45]. We propose that HER2-amplified breast cancers
have evolved in a way that they are dependent on STARD3. To date, the molecular
details of this dependency are unclear, but STARD3 likely represents an additional
therapeutic target in HER2-amplified cancers.

I1. STARD3, a Carotenoid-Binding Protein

An unexpected function for STARD3 was revealed in silkworms (Bombyx mori).
Silkworm larvae build cocoons which have a yellow color resulting from the pres-
ence of carotenoids [48]. Interestingly, animals cannot synthetize carotenoids de
novo which means that silk carotenoids have a dietary origin, namely mulberry
leaves. Therefore, carotenoids have to be absorbed by the gut, transported through
the hemolymph to finally be delivered in the silk gland of the larvae where they will
give the silk its color. This implies that there are transport mechanisms allowing
carotenoids to be conveyed across epithelial cells from the gut and the silk gland
to reach their final destination. Between the gut and the silk gland, carotenoids are
transported within the hemolymph by lipoprotein particles named lipophorins. The
color of carotenoids allowed for the purification of a carotenoid-binding protein,
termed CBP, from larval silk glands that appeared yellow under non-denaturing
conditions [49]. The main carotenoid bound to CBP was lutein, with B-carotene
and a-carotene being less frequently found. The molecular characterization of CBP
cDNA showed that it belongs to the START protein family and is closely related
to STARD1 and STARD3. However, unlike STARD1 and STARD3 which possess
a mitochondria- and an endosome-targeting signal, respectively, CBP is a START-
only protein. Intriguingly, the gene encoding CBP uses alternative promoter usage
and splicing to produce an isoform closely resembling STARD3; indeed, this CBP
isoform termed (BmStartl) possesses a MENTAL domain preceding the START
domain [50]. Several silkworm mutants producing white cocoons have been col-
lected over the years of sericulture. For instance, mutant silkworms for the Y (Yel-
low blood) gene display colorless hemolymph and silk resulting from an inefficient
carotenoid absorption in the gut. Interestingly, in the Y-recessive strain, the locus
encoding BmStart1/CBP is altered due to a retrotransposon insertion in a CBP-
specific exon [51]. As a consequence, while BmStart] protein is normally present
in this strain, CBP is absent, thus suggesting that it is the CBP isoform that is re-
sponsible for the silk color. Accordingly, transgenic re-expression of CBP in the ¥
mutant strain restores a yellow color to the silk.

To conclude, the STARD3 gene has evolved in silkworms to produce two dif-
ferent proteins, CBP which is involved in carotenoid transport and consequently
silk color and BmStart1, which is similar to STARD3 found in other animals and is
likely involved in cholesterol transport. In humans, lutein and zeaxanthin are two
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carotenoids that accumulate specifically in the central region of the retina named the
macula lutea, the part of the retina that is responsible for central vision and is named
for its yellow color resulting from the presence of carotenoids. The specific accu-
mulation of these lipophilic molecules in the retina is most probably induced by the
action of a molecular transporter. Accordingly, a carotenoid-binding protein was
purified from human retina [52]. This protein of ~50 kDa binds lutein with a Kd of
0.45 uM and is detected with antibodies raised against the silkworm CBP. Consid-
ering the molecular weight of this transporter and its recognition by the anti-CBP
antibodies [52], these data suggest that the protein involved in lutein accumulation
in human retina is STARD?3. In accordance with this idea, the recombinant START
domain of STARD3 binds lutein with a Kd of 0.45 uM [53]. These data raise an
intriguing question: Is STARD?3 responsible for lutein accumulation in the human
retina in a manner similar to the silk-worm ortholog allowing lutein deposition in
silk? This would imply that the START domain of STARD3 can bind different li-
gands; it may have a specialized function in lutein handling in some organs and a
more general function in cholesterol transport in most cells.

III. STARD3 and Cholesterol Accumulation Disorders

STARD3 as a Surrogate for STARD 1-Independent Steroidogenesis STARD] plays a
central role in de novo steroidogenesis, however, STARDI is not expressed in some
steroidogenic organs such as the placenta and was long thought to be absent in the
brain, suggesting that an alternative cholesterol transport pathway into the mitochon-
dria might exist. Early on, STARD3 was proposed to act as a STARD1-like protein
in the placenta and the brain and many lines of evidence supported this hypothesis.
STARD3 is expressed in the placenta and the brain [2, 6, 54]. In isolation, the START
domain of STARD3 has a StAR-like activity in in vitro steroidogenic assays [6, 16].
Consistent with its tight attachment to the LEs membrane, the full-length protein is,
however, poorly active in steroidogenic assays [6, 15, 17]. Of interest, in the placenta,
a truncated STARD3 protein leading to the release of an active START domain of
about 30 kDa has been described by several groups [6, 17, 55]. The presence of a
cleaved form corresponding to the isolated STARD3-START domain supports the
notion that STARD3 might act in placental steroidogenesis. However, the generation
of mouse models deficient for STARD3 did not substantiate its role in steroidogen-
esis, at least in the mouse. Indeed, mice lacking STARD3 appear normal and show no
reproductive defects [46]. However, the placenta can make estrogens from an alterna-
tive pathway which is not initiated by cholesterol conversion into pregnenolone in the
mitochondria. The placenta can use steroids produced by the fetal adrenal and convert
them to estrogens [56]. Whether this pathway is favored in STARD3-deficient mice
remains to be addressed. Alternatively, other START domain containing proteins like
the widely expressed STARD4 and STARDS proteins might compensate for the lack
of STARD3. Besides the placenta, the gonads, and the adrenal glands, steroidogenesis
occurs in the brain. While STARD?3 is well expressed in the brain, both in neurons
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and in glial cells, it does not co-localize with P450scc which makes it unlikely to be
involved in neurosteroid synthesis [54, 57].

STARD3 in Niemann-Pick Type C-Deficient Cells The position of STARD3 at the
surface of LEs suggests that it contributes to the distribution of cholesterol from
this organelle. Besides de novo synthesis in the ER, cells can obtain cholesterol
from circulating LDL. The ApoB protein component of LDL binds to LDL recep-
tor family members, the ligand-receptor complex is taken up by clathrin-mediated
endocytosis and is dissociated in endosomes. While the receptor is recycled back to
the cell surface, the lipid component of LDL is targeted to LEs/Lysosomes (LE/Ly)
where cholesterol becomes redistributed inside the cell [58]. How exactly choles-
terol is trafficked from endosomes to distinct intracellular regions remains unclear.
Studies of Niemann-Pick type C disease, a lipid storage disorder which leads to
neurological disorders and hepatosplenomegaly (reviewed in [59-61]), revealed the
instrumental role of two proteins, Niemann-Pick C1 (NPC1) and Niemann-Pick
C2 (NPC2), on cholesterol egress from LE/Ly. NPC proteins are both LE resident
proteins acting in concert; NPC2, a soluble LE/Ly luminal protein binds cholesterol
in the lumen, and exchanges cholesterol with the N-terminal cholesterol-binding
domain of NPC1 [62]. To address the potential role of STARD3 in cholesterol clear-
ing from LE, STARD3 was overexpressed in NPC-deficient fetal fibroblasts but
no correction of the cholesterol accumulation phenotype was observed [12, 63].
Mechanistic insights explaining the lack of connection between the NPC proteins
and STARD3 were proposed recently [64]. According to this study, endosomal cho-
lesterol would be trafficked in a sequential manner, first from LE to the plasma
membrane through endosomes containing STARD3 and the cholesterol transporter
ABCA3 and second from LE to the ER through a distinct set of endosomes positive
for the oxysterol-binding protein-related protein 1L (ORP1L) and NPC1 [64]. This
model is notably based on the finding that STARD3 and NPC1 mark two distinct
endosome pools and is consistent with the fact that overexpression of STARD3 does
not significantly increase ACAT-mediated cholesterol esterification in the ER [23].
Further, STARD3 overexpression mimics some of the features of NPC-deficient
cells. In all cell types tested STARD3 overexpression was associated with sterol
deposition in LE [12, 23, 63]. Moreover, acute overexpression of STARD3 in mouse
liver was associated with increased cholesterol content, biliary bile acid concentra-
tion, and impaired bile flow and caused severe liver damage and apoptosis[47]. All
these studies argue against a role of STARD3 in cholesterol egress from LE/Ly.
Other studies have, however, provided evidence that STARD3 promotes cholesterol
transfer presumably from LDL to the mitochondria. Charman et al. [65] showed an
increase transport of cholesterol to mitochondria in NPC1-deficient Chinese Ham-
ster ovary (CHO) cells that is mediated by STARD3. Consistent with this, Zhang
et al. [66] proposed the involvement of STARD?3 in the transfer of cholesterol to
the mitochondria. Indeed, using time lapse imaging techniques, these authors found
that STARD3 LE tubules aligned parallel to mitochondria and reported the presence
of transient contact between these two organelles. The fact that the efforts made to
clarify the function of STARD3 in cholesterol trafficking have used many cancer
cells models may explain some of the discrepancies found in the literature.
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While the role of STARD3 in cholesterol transfer from LE is still unclear, our
new finding that STARD3-positive endosomes are tethered with the ER, argues for
its participation in cholesterol egress from LE to the ER [26]. However, experimen-
tal data do not support this model. The cholesterol transfer function of STARD3
appears to be different from this tethering activity. The trafficking of endosomal
cholesterol is probably complex and sequential, it may be regulated by redundant
mechanisms, is probably cell-type specific and may be altered differently in cancer
cells. In the future, mechanistic analysis of the function of STARD3 in cholesterol
trafficking should use both in vitro and in vivo models that are physiological and
highly relevant to human disease.

Summary

The cloning of STARD3 was fairly rapid and easy; the functional characterization
of this protein has been difficult and is far from being achieved. To date, an under-
standing of how STARD3 handles cholesterol has been elusive. From its homol-
ogy with STARDI, it was proposed that STARD3 functions to transport cholesterol
from endosomes to the ER. Many studies including those using NPC-deficient cells
and the generation of STARD3-deficient mice did not support this hypothesis and
it is clear that additional studies are necessary to uncover the role of STARD3 in
cholesterol trafficking. STARD?3 is overexpressed in the HER2-subtype of breast
cancer, it belongs to the smallest region of amplification involving HER2 and its
presence in breast cancer is associated with a poor prognosis. Consistent with this,
STARD?3-silencing results in cell growth arrest and apoptosis in HER2-positive cell
lines. How STARD3 contributes to the phenotype of HER2 cancers is still unclear.
Unlike STARDI1, STARD3 is not essential for steroidogenesis; however, STARD3
is a lipid-binding protein involved in cholesterol trafficking at the level of LEs.
Remarkably, STARD3 modifies the intracellular distribution and morphology of
LEs and moreover STARD3 forms membrane contact sites between LEs and the en-
doplasmic reticulum. These organelles are central for cholesterol homeostasis. The
ER is the site of cholesterol biosynthesis while LEs ensure LDL-derived cholesterol
distribution. Thus, the physical location of STARD3 between these two organelles
places the protein at a unique position at the interface of two major cholesterol
pathways. Moreover, extended ER-endosome contacts regulate the dynamics of the
endocytic compartment probably by reducing the maturation of LEs to lysosomes.
As the ER and endosomes are the sites of synthesis and degradation of membrane-
receptors, respectively, we can speculate that STARD3 acts on cancer cells by
modifying the lipid composition of cellular membranes. Indeed, membranes are not
only barriers, they also function as interfaces at which numerous cellular processes,
including signaling and cell death mechanisms, are concentrated and regulated. De-
spite all these uncertainties, we have made considerable progress in clarifying the
function of STARD3. It is without doubt that this fascinating protein will keep us
busy for the coming years.
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Chapter 7
The STARD4 Subfamily: STARD4 and STARDS
in Cholesterol Metabolism

Raymond E. Soccio

Abstract The STARD4 subfamily of steroidogenic acute regulatory protein
(StAR)-related lipid transfer (START) proteins consists of STARD4, STARDS, and
STARDG, which share ~30 % amino acid identity with each other, ~20% with the
StAR/STARDI1 and STARD3/metastatic lymph node clone 64 (MLN64) START
domains, and ~15% with other START domains. All three have no other protein
domains besides START. Since their initial discovery, they were proposed to serve
as intracellular sterol transporters. A subsequent decade of research has led to
seven high-confidence conclusions: (1) STARD4 expression is regulated by cel-
lular sterol levels via the sterol regulatory element binding protein (SREBP)-2 tran-
scription factor. (2) Endoplasmic reticulum (ER) stress-inducing agents increase
STARDS levels, though the mechanism may be posttranscriptional. (3) STARD4
and STARDS are cytosolic proteins that may associate loosely with specific sub-
cellular membranes. (4) STARD4 can bind cholesterol and efficiently transfer it
between membranes. (5) STARD4 can mediate transfer of cholesterol to the ER res-
ident enzyme acyl-coenzyme A cholesterol acyltransferase (ACAT) for esterifica-
tion. (6) STARDS does not have these ACAT effects but has some distinct activities
from STARDA4. (7) STARD4 null mice lack any clear phenotype. Other conclu-
sions are less certain due to conflicting data but merit further study: ER stress and
steroidogenic regulation of STARDA4, selective expression of STARDS in immune
and reticuloendothelial cells, nuclear localization of STARD4 and STARDS, bind-
ing of bile acids by STARDS, and binding of other sterols besides cholesterol by
STARD4 (such as 7a-hydroxycholesterol) and STARDS (such as 25-hydroxycho-
lesterol). Selective expression of STARDG6 in male germ cells strongly suggests a
role in fertility, but the functions of STARD4 and STARDS in normal physiology
and disease remain elusive.
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ChIP-seq Chromatin Immunoprecipitation Followed by Deep Sequencing
CHOP CCAAT/Enhancer-binding Protein Homologous Protein

DHE Dihydroergosterol

ER Endoplasmic Reticulum

ERC Endocytic Recycling Compartment
EST Expressed Sequence Tag

FRAP Fluorescence Recovery after Photobleaching

GRP9%4 Glucose-regulated Protein 94

Herp Homocysteine-induced Endoplasmic Reticulum Protein
HMGCR HMG CoA (3-hydroxy-3-methylglutaryl coenzyme A) Reductase
INSIG Insulin-induced Gene

LDL Low-density Lipoprotein

MCD Metylcyclodextrin

NMR Nuclear Magnetic Resonance

SCAP SREBP Cleavage-activating Protein

SREBP Sterol Regulatory Element Binding Protein

StAR Steroidogenic Acute Regulatory Protein

STARD4 START Domain Containing 4

STARDS START Domain Containing 5

STARD6  START Domain Containing 6

START StAR-related Lipid Transfer

UTR Untranslated Region

Xbpl X-box Binding Protein 1

Introduction: A Personal Account of Discovery

I was an MD-PhD graduate student at Rockefeller University whose primary proj-
ect was floundering, so my secondary project was a fishing expedition. Our over-
arching goal was to address the question of how the body responds to dietary cho-
lesterol, such that some individuals are sensitive and increase plasma cholesterol
while others are insensitive. Genes in the liver that change with dietary cholesterol
seemed like a good place to start, so we fed mice a standard diet (0.02 % choles-
terol) versus a high cholesterol diet (0.5%) for three weeks. At the time around
the year 2000, microarrays to measure messenger ribonucleic acid (mRNA) gene
expression were the latest in technology. The wide availability of commercial arrays
was a year or so away, so we did not have access to the familiar oligonucleotide
probe-based systems like Affymetrix GeneChips, which are now being replaced by
RNA-sequencing. Instead, we used complementary deoxyribonucleic acid (cDNA)
arrays in which entire cDNA clones (each hundreds of base pairs) were spotted
onto slides. To obtain and analyze these microarrays, my excellent mentor, Jan
Breslow, established a collaboration with Raju Kucherlapati’s laboratory, then at
Albert Einstein College of Medicine. I remember taking the subway from Man-
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hattan to the Bronx to see the wondrous custom-built robotic system that spotted
approximately 9,000 cDNA clones from 96-well plates onto glass slides. About half
of these cDNAs were annotated with gene names, while the rest were unidentified
expressed sequence tags (ESTs).

In our initial microarray hybridizations, we noted marked variation across ex-
periments, as the statistical tools to analyze microarray data were also in their in-
fancy. After multiple biological and technical replicates and stringent cutoffs, only
six transcripts were consistently downregulated more than twofold by dietary cho-
lesterol, and disappointingly none were convincingly upregulated. Identifying the
genes corresponding to six regulated transcripts was not trivial given that the an-
notation of the mouse genome was far from complete. Five of the six genes turned
out to encode enzymes involved in cholesterol or fatty acid synthesis. This was an
excellent proof of principle for our experimental system, since these pathways were
expected to be downregulated by cholesterol, negative feedback mediated by the
sterol regulatory element binding protein (SREBP) transcription factors.

The sixth transcript was a mystery. EST AA239481 was cloned from mouse
liver, not annotated with any gene name, and the available 460 bases of sequence
in the database did not contain any obvious protein-coding region or homology to
known genes. We obtained the EST clone and sequenced its entire insert of 1,114
base pairs, but did not find an open reading frame. Since the cDNA was cloned with
oligo-dT for the 3’ polyadenylation site, I suspected that this sequence was in the
3" untranslated region (UTR) of the gene. I was self-taught at using the relatively
primitive bioinformatic resources available, and I remember spending a late eve-
ning in the lab at my computer staring at this sequence. The breakthrough happened
when I performed a basic local alignment search tool (BLAST) search and found
overlap with another uncharacterized EST, extending the cDNA sequence by sev-
eral hundred nucleotides in the presumed 5’ direction but still not revealing the cod-
ing sequence. However, this new EST overlapped with another, and then another, so
by walking from one EST to the next across about 3 kilobases I finally found protein
coding sequence. Ultimately, alignment of EST and genomic sequence revealed an
unannotated six exon gene encoding a 224 amino acid protein, with the final exon
including more than 4 kilobases of 3’ UTR including the initial EST.

Evening had turned into night and I had completely lost track of time immersed
in this DNA sequence analysis, but the biggest surprise came when I searched for
known proteins with homology to this novel one. The first hit was something called
“StAR (Steroidogenic Acute Regulatory Protein).” I had never heard of it, but I
immediately performed literature searches and was thrilled to find an intracellular
cholesterol transport protein, essential for delivering cholesterol to mitochondria
for steroid hormone synthesis [1]. The StAR-related lipid transfer (START) domain
had been described [2] and the crystal structure of the related metastatic lymph
node clone 64 (MLN64) START domain was published [3], with the beautiful hy-
drophobic cavity to bind lipid. My mentor Jan Breslow was instrumental in the
molecular cloning of many apolipoprotein genes [4], which are essential for trans-
port of otherwise insoluble cholesterol and other lipids in the blood. Cholesterol of
course has the same problem of insolubility within the cell, and here we had found
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a putative cholesterol transport protein whose expression was regulated by dietary
cholesterol! After a sleepless night with excitement, I rushed into Jan’s office the
next morning to share this result. Jan has a famously calm and even demeanor, but I
could see his delight as we allowed ourselves to speculate on the potential functions
and implications of a novel sterol transporter.

We decided to name this protein CRSP, pronounced “crisp,” for “Cholesterol-
Regulated START Protein.” With my new experience searching DNA sequence da-
tabases, I found and assembled the whole family of 15 mammalian START domain-
containing proteins into a phylogenetic tree [5]. Among characterized START pro-
teins, CRSP was most similar to the known cholesterol-binding proteins StAR and
MLNG64, but there were two other novel START domain proteins even more like
CRSP. I creatively called them “CRSP-likel” and “CRSP-like2,” and we imme-
diately set out cloning and characterizing these three genes. It quickly became my
primary PhD thesis project, displacing studies of the bile acid biosynthetic enzyme
cholesterol 7 alpha-hydroxylase (Cyp7Al) [6]. I remember reaching out to other
researchers in the START field to obtain reagents and advice, such as Walter Miller,
Jerry Strauss, and Doug Stocco. I was amazed how helpful and collaborative they
were (in retrospect, with more experience in the competitive world of academic
biomedical research, I am only more amazed). In fact, several of them had indepen-
dently noted the cDNAs for one or more of the three novel genes, but none of them
rushed to publish first or compete with us.

When we had assembled enough data for our first publication describing this
subfamily of three novel START domain proteins [7], the journal required us to sub-
mit to the Human Genome Organisation (HUGO) gene nomenclature committee.
My name CRSP was shot down, and instead HUGO decided to rename the whole
START domain superfamily with the START domain (Stard/STARD#) nomencla-
ture reflected in the official mouse and human gene symbols today. I objected to
these generic names since they fail to describe known physiology, regulation, or
function of the proteins, and many of the family members have other protein do-
mains besides a START domain. My objections were to no avail, and CRSP, CR-
SPL1, and CRSPL2 proteins became STARD4, STARDS, and STARDG6, whereas
previously named proteins StAR, Phosphatidylcholine transfer protein (PCTP),
and MLN64 became STARD1, STARD2, and STARD3, respectively. Please don’t
blame me for the nomenclature, because I do not like it either!

I finished my PhD work on the STARD4 subfamily, with Fred Maxfield from
across the street at Weill Cornell Medical College serving on my thesis commit-
tee and advising us on the cell biology of intracellular cholesterol transport. I was
never satisfied that we failed to describe a true physiological function for STARD4
and STARDS in cholesterol metabolism. Two years after my cDNA microarrays, a
new and very talented MD-PhD student in the Breslow lab, my good friend Kara
Maxwell, performed the same cholesterol feeding experiment yet used Affymetrix
microarrays. Of course she found STARD4 again, but she also discovered the pro-
protein convertase subtilisin/kexin type 9 (Pcsk9) protein [8], which turned out to
have a key role in regulating levels of low-density lipoprotein (LDL) “bad” choles-
terol and the associated risk of atherosclerosis. Pcsk9 is now an exciting drug target
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[9], whereas—despite the diligent efforts of very thorough investigators—STARD4
languishes in relative obscurity. I returned to medical school, then clinical training
in internal medicine and endocrinology. This choice of subspecialty was guided by
my research interest in lipid metabolism, diabetes, and obesity, but perhaps also a
little by the role of STARD1/StAR in steroid hormone synthesis. During my clinical
fellowship, my attending physician, Carrie Burns noted a patient with congenital
adrenal hyperplasia and unusual biochemical results we interpreted as partial StAR
deficiency, which had not been described. Sequencing of his StAR gene indeed
revealed compound heterozygosity for two mutations, which we shared with Walter
Miller’s laboratory for characterization. Along with several other patients, this led
to the description of nonclassic/atypical lipoid congenital adrenal hyperplasia due to
StAR mutants with partial activity [10]. I had hoped that human disease phenotypes
might likewise someday be associated with STARD4 or STARDS, but this has not
yet come to pass. My postdoctoral research has taken me away from my beloved
START proteins, but I have followed from afar with great interest, and I review the
progress here.

Stard4/STARD4 Gene Regulation

As described in detail above, the mouse StarD4 gene was discovered due to its regu-
lation by cholesterol [7]. Cellular cholesterol exerts negative feedback on genes like
STARD4 via the SREBP transcription factors, whose mechanism has been elegant-
ly described over the past several decades by the laboratory of Michael Brown and
Joseph Goldstein (Fig. 7.1a, reviewed in ref. [11]) Briefly, SREBPs are synthesized
as inactive precursors spanning the membrane of the endoplasmic reticulum (ER).
When cellular sterols are adequate, SREBP remains in the ER associated with sterol
sensing proteins SREBP cleavage-activating protein (SCAP) and Insulin-induced
gene (INSIG). Low sterol results in a conformational change in SCAP, releasing
INSIG such that SCAP escorts SREBP in vesicles from the ER to the Golgi, where
successive proteolytic cleavages of the SREBP transmembrane region by site 1 and
site 2 proteases release the soluble N-terminal transcription factor domain. This
mature SREBP then translocates to the nucleus and binds to the sterol response ele-
ments (SREs) in gene promoters to activate target genes.

Many lines of evidence support the idea that STARDA4 is a direct target of SREBP
transcription factors, particularly SREBP-2 that predominantly regulates choles-
terol metabolism, as opposed to SREBP-1 that predominantly regulates fatty acid
metabolism. First, STARD4 is consistently co-regulated by sterols with other clas-
sic targets of SREBP-2, such as enzymes in the cholesterol biosynthesis pathway
like the rate-limiting enzyme 3-hydroxy-3-methyl-glutaryl (HMG) CoA reductase
(HMGCR). In mouse liver, upon 3 weeks of high cholesterol feeding, twofold de-
creases in STARD4 mRNA are observed on microarrays and validated by quantita-
tive polymerase chain reaction (PCR), coordinately regulated with known SREBP-2
targets [7, 8]. Regulation is even greater in cultured mouse 3T3-L1 cells: sterol
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Fig. 7.1 Regulation of SREBP and ER stress transcription factors. a SREBPs are activated upon
cholesterol depletion. When cellular cholesterol or certain oxysterols are abundant, SREBPs
remain in the ER as inactive precursors associated with SCAP and Insig. When sterols are scarce,
SCAP releases Insig allowing SREBP-SCAP trafficking to the Golgi apparatus, where the site
1 and site 2 proteases (S1P and S2P) cleave SREBP. This releases the N-terminal transcription
factor nSREBP, which translocates to the nucleus and binds promoter SREs. nSREBPs cooper-
ate with other factors like NF-Y to activate transcription of target genes involved in the synthesis
and uptake of cholesterol and fatty acids. b ER stress signals are transduced to the nucleus via
three parallel pathways, activating the ATF4, Xbpl, and ATF6 transcription factors. The RNA-
dependent protein kinase-like ER kinase (PERK) pathway transiently inhibits global translation
but activates translation of ATF4. IRE1 mediates non-traditional splicing of the Xbpl mRNA to
increase its synthesis, while ATF6 is activated by proteolysis in the Golgi similar to SREBP pro-
cessing. The ER chaperone BiP negatively regulates all three pathways, which may converge in
the nucleus with complex interactions on target gene promoters with ER stress response elements
(ERSEs). SREBP sterol regulatory element binding protein, £R endoplasmic reticulum, SCAP
SREBP cleavage-activating protein, A7F activating transcription factor

depletion with lovastatin to activate SREBP increased STARD4 expression, while
addition of 25-hydroxycholesterol to repress SREBP decreased STARD4 expres-
sion, with a difference of 14-fold between the conditions [7]. The same sterol regu-
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Fig. 7.2 STARD4 expression is regulated by intracellular sterol levels via SREBP-2. a In 3T3-L1
fibroblasts, treatment with sterols represses SREBP-2 processing to its mature form, while treat-
ment with the statin drug mevinolin to deplete sterols activates SREBP-2 processing (Western
blot in bottom panel, the nuclear protein Lamin B1 serves as a loading control). In these condi-
tions, mRNA levels of STARD4 and HMG CoA reductase are coordinately regulated (quantitative
RT-PCR in upper panel). b STARD4 protein levels show the same pattern of regulation by West-
ern blot (upper panel, cytosolic beta-actin serves as a loading control) with quantification (lower
panel). Adapted from Rodriguez-Agudo et al. [12]. SREBP sterol regulatory element binding pro-
tein, mRNA messenger ribonucleic acid, R7-PCR reverse transcription polymerase chain reaction

lation of STARD4 mRNA was confirmed in 3T3-L1 fibroblasts and human THP-1
macrophages, and extended to the protein level by STARD4 Western blots, even
correlating with the amount of mature SREBP-2 (Fig. 7.2) [12]. STARD4 mRNA is
also regulated with HMGCR in other cells culture models where SREBP is affected:
cholesterol-loaded macrophages [13], THP-1 cells differentiated into macrophages
[12], mouse embryonic fibroblasts deficient in a sterol dehydrogenase involved in
cholesterol synthesis [14], and HepG2 cells cultured in lipoprotein-depleted serum
[15]. Notably, hepatic STARD4 mRNA and protein levels are induced threefold by
statin treatment of mice [16]. Second, transgenic and knockout mice with altered
SREBP activities show the expected changes in STARD4 levels: mice transgenic
for constitutively active nuclear SREBP-1a or SREBP-2 have higher STARD4
expression, whereas SCAP knockout mice with loss of SREBP activity have de-
creased STARD4 expression [17]. Furthermore, in the same nuclear SREBP trans-
genic mice, STARD4 is more highly regulated by SREBP-2 than SREBP-1[13, 17],
supporting a role in sterol metabolism rather than fatty acid metabolism. Third, the
promoter for STARD4 in mice and humans has several potential SREs, and a proxi-
mal promoter fragment confers sterol regulation in luciferase reporter assays. Sterol
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regulation of mouse and human STARD4 promoter reporters was abrogated when
one potential SRE (called SRE-B) was mutated, or when either of the two nearby
CCAAT box elements were mutated (presumably affecting binding of NF-Y, which
cooperates with SREBPs) [13]. Fourth, direct binding of SREBP-2 to the STARD4
promoter was observed by chromatin immunoprecipitation followed by deep se-
quencing (ChIP-seq) [18]. This ChIP-seq experiment revealed 1,800 binding sites
in mouse liver treated with lovastatin plus ezetimibe to maximize SREBP-2 pro-
cessing, and the majority of these sites had an SRE consensus motif of AA(G/A)
ATGGC. In retrospect, the functional STARD4 promoter SRE-B motif defined in
reporter assays [ 13] has a sequence of AGGATGGA in mouse or TAAATGGA in hu-
man, each with only two disagreements (underlined) from the ChIP-seq consensus
motif. Given this preponderance of evidence, there can be little doubt that STARD4
is a direct transcriptional target of SREBP-2. There are only two inconsistent cases
in the literature, and both can be explained by the duration of time: (1) sterol deple-
tion and overload of U20S cells had the expected effects on SREBP-2 processing
but failed to affect STARD4 protein levels as detected by Western blot [19] and (2) a
0.5% cholesterol feeding experiment for one week failed to affect hepatic STARD4
protein levels [16]. In both cases, the treatment time, 2 h for U20S cells and 1 week
for cholesterol feeding, was likely too short to see changes in protein level.

STARD4 expression can be induced during steroidogenesis like StAR/STARDI.
In MA-10 mouse Leydig tumor cells treated with cyclic adenosine monophosphate
(cAMP), StAR mRNA is induced ~50-fold while STARD4 mRNA is induced only
~3-fold, and the similar small induction of HMGCR suggests that steroidogenesis
may deplete cellular cholesterol and activate SREBP-2 [13]. A more recent experi-
ment in the same MA-10 cell line showed ~20-fold cAMP induction of STARD4
protein by Western blot, and these authors propose a role for STARD4 in ste-
roidogenesis [20]. Until further studies are performed, it remains unclear whether
STARDA4 is specifically regulated by steroidogenic stimuli.

One report indicates that STARD4 is regulated in the early phase of the ER stress
response (Fig. 7.1¢) [21]. Tunicamycin treatment of HeLa cells followed by cDNA
subtraction identified STARD4 along with four well-known ER stress-induced
genes; binding immunoglobulin protein (BiP), GRP94, CHOP, and Herp. STARD4
induction peaked at ~2.5-fold by 4-6 h of treatment, then came down by 12-24 h.
This time course, as well as the different species and cell type, may explain why
tunicamycin failed to induce STARD4 after 1820 h in mouse NIH-3T3 cells [13].
A luciferase reporter driven by the human STARD4 promoter was activated by tu-
nicamycin and other ER stressors thapsigargin, dithiothreitol (DTT), and brefeldin
A, as well as by overexpression of the ER stress induced transcription factor acti-
vating transcription factor 6 (ATF6) [21]. Notably, overexpression of a dominant
negative ATF6 prevented STARD4 reporter activation by thapsigargin. Site-direct-
ed mutagenesis of three potential ER-stress response elements (ESREs CCAAT-
N9-CCACQG) individually in reporters suggested that the second element was most
responsible for ER-stress response. Compared to the other human STARD4 lucifer-
ase reporters [13], this functional ESRE-like element lies between potential SRE-B
and SRE-C. Other SREBP-2 target genes were not studied in this system, and it is
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notable that in mouse 3T3-L1 cells the SREBP-2 target, HMGCR, shows a similar
time course of induction only in early ER stress [22]. It has also been observed
that STARD4 expression increases during the differentiation of THP-1 cells from
monocytes to macrophages, even at days 5—6 when mature SREBP-2 decreases, but
there are increased levels of mature ATF6 [12]. Given that SREBPs and ATF6 are
processed by the same proteases after ER to Golgi translocation [23] and may bind
to the same DNA elements and coordinately regulate target genes [24]—and that
STARDS is induced by ER stress (see below)—there is potential cross-talk between
cholesterol metabolism and ER stress such that regulation of STARD4 by ER stress
via ATF6 deserves further study.

Other regulatory effects on STARD4 expression have been reported. STARD4
mRNA is induced in granulosa cells of women with diminished ovarian reserve, an
effect also observed for STARDI [25], though the mechanism for this is uncertain.
One report proposes that STARD4 is a target of the p53 transcription factor, based
on a p53-binding region identified downstream of the gene by an early ChIP-seq
method and p53-dependent gene regulation (though STARD4 expression was down
rather than up) [26]. While some authors have hypothesized that this may relate to
adipocyte biology [27], further reports connecting p53 and STARD4 are lacking.
Taking a similar approach with the abundant genome-wide data now available in the
Encyclopedia of DNA Elements (ENCODE) project [28], there are dozens of tran-
scription factors in different cell types that can potentially bind to the STARD4 prox-
imal promoter region in addition to the SREBPs as expected. Furthermore, STARD4
has at least three uncharacterized enhancer regions located in the 50 kb upstream, all
of which have factor binding, DNasel hypersensitivity, and histone marks.

Stard5/STARDS Gene Regulation

STARDS does not show regulation by the SREBP-related manipulations that affect
STARD4 [13], yet it is induced by the ER stress response. Robust (up to 10-fold) in-
creases in STARDS mRNA have consistently been shown upon treatment with ER
stressors such as tunicamycin, thapsigargin, brefeldin A, and dithiothreitol in mouse
NIH-3T3 fibroblasts (Fig. 7.3) [13], human HK-2 kidney tubular cells [29], and
mouse 3T3-L1 preadipocytes [22]. In the last study, a dose dependent protein induc-
tion by thapsigargin also was shown (using a commercial antibody from Santa Cruz,
see below). The three main pathways of the ER stress response are mediated by the
transcription factors ATF4, nuclear ATF6, and spliced Xbpl (Fig. 7.1c), and only
expression of spliced Xbpl—but not active ATF6 or ATF4—activated STARDS
expression in 3T3-L1 cells [22]. The mechanism for activation of STARDS by ER
stress and Xbpl apparently lies outside the proximal promoter, as luciferase re-
porters driven by ~2000 bp upstream of human STARDS or ~400 bp upstream of
mouse STARDS failed to show ER stress regulation [22, 13]. Instead, markedly
more stable STARDS mRNA was observed upon thapsigargin treatment of 3T3L1
cells in the presence of actinomycin D to inhibit new transcription, suggesting a
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Fig. 7.3 STARDS mRNA levels are increased in ER stress. In NIH-3T3 fibroblasts, treatment with
drugs known to induce ER stress (tunicamycin, thapsigargin, brefeldin A, and DTT) all increases
mRNA levels of STARDS as well as the positive control ER stress response gene BiP. (a) and (c¢)
show quantitative RT-PCR, while (b) shows a Northern blot with both STARDS mRNAs upregu-
lated. This research was originally published in reference 13, and subsequent studies in reference
22 also showed upregulation of STARDS protein by Western blot, and that the mRNA induction
is likely posttranscriptional via increased mRNA stability. Adapted from Soccio et al. [13] © the
American Society for Biochemistry and Molecular Biology. mRNA messenger ribonucleic acid,
ER endoplasmic reticulum

novel posttranscriptional mechanism to increase STARDS mRNA levels [22]. Thus,
even the STARDS induction by spliced Xbp1 may be indirect via mRNA stability,
though increased transcription remains possible and would require a nuclear run-on
type assay to test. Some physiologic stimuli that induce ER stress also increased
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STARDS expression: cholesterol-loading of mouse macrophages [13] and OVE26
diabetic mouse kidney [29]. The exact role of STARDS in the response to ER stress
is a matter of speculation, as it is possible that lipids stressors as well as unfolded
proteins play a role in ER stress. The ER membrane is notably poor in cholesterol,
which constitutes only ~5 % of its lipid molecules compared to ~30 % in the plasma
membrane (reviewed in ref. [19]).

STARDS was regulated by the cytokine interleukin (IL)-1p in rat Sertoli cells,
though the mRNA was induced and the protein decreased [30]. In contrast, STARD4
expression was not regulated by IL-1f, even though precursor and mature SREBP-1
levels decreased (SREBP-2 was not reported). There are no other reports of in-
flammatory cytokines regulating STARDS, and the significance of this finding is
unknown.

STARD4 Expression Pattern and Subcellular Localization

When overexpressed in HeLa cells, GFP-tagged STARD4 gives a diffuse cytosolic
and nuclear localization, in contrast to the vesicular pattern observed for full-length
STARDI1 (mitochondria) and MLN64 (endosomes) [31], and the same result is seen
by immunofluorescence [32]. However, when overexpressed in human keratino-
cytes [33] or U20S osteosarcoma cells [19], STARD4 staining is not seen in the
nucleus and its cytosolic localization is more punctate, with a more intense peri-
nuclear region.

The most detailed study of STARD4 localization used a polyclonal antibody gen-
erated in the laboratory of Dr W. M. Pandak, Virginia Commonwealth University
[12]. This antibody was well validated, recognizing in Westerns a sterol-regulated
band of the predicted size in human THP-1 macrophages, and a slightly larger band
in mouse liver than human—consistent with the predicted 224 amino acid mouse
protein versus 205 in humans. In human liver, STARD4 immunostaining was ob-
served in hepatocytes, and it was even more intense in Kupffer cells but absent
in endothelial cells. This was confirmed by Western Blots showing expression in
both hepatocytes and nonparenchymal cells. In mouse 3T3-L1 cells, basal STARD4
immunostaining was weak and homogenous with some punctate regions, whereas
sterol-depletion to increase expression resulted in stronger staining with a peri-nu-
clear reticular pattern, colocalizing with the ER marker calnexin. Fractionation of
these cells confirmed cytoplasm and membrane association, without any detectable
protein in nuclei or mitochondria. In THP-1 macrophages, STARD4 similarly co-
localized with the ER marker calnexin, but also notably around ER-derived vesicles
with bodipy-stained neutral lipids where acyl-coenzyme A cholesterol acyltransfer-
ase (ACAT)I co-localized extensively (Fig. 7.4). Therefore, STARD4 appears to be
a widely expressed cytosolic protein that may associate with ER membranes.
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Fig. 7.4 STARDA4 localization in 3T3-L1 cells and THP-1 macrophages. a A mouse 3T3-L1 fibro-
blast visualized by phase contrast microscopy (/eft) and stained with STARD4 (green), calnexin
(ER maker, red), and DAPI (nucleus, blue). STARDA4 is present in the cytosol colocalizing exten-
sively with calnexin. b STARD4 Western blots were performed on 3T3-L1 cells fractionated into
cytosol (marked by IkBa), membranes (marked by Calnexin), nuclei (marked by Lamin B1), and
mitochondria (marked by aconitase 2), showing a predominantly cytosolic distribution with some
membrane association. ¢ A human THP-1 macrophage, in which phase contrast microscopy (left
panel) show the nucleus and lipid droplets. Staining was performed for STARD4 (green), ACAT1
(red), and nucleus 4’,6-diamidino-2-phenylindol (DAPI, blue). STARD4 appears present in the
nucleus and the cytosol, where it is enriched surrounding lipid droplets and co-localizing with
ACATI. Adapted from Rodriguez-Agudo et al. [12]. ER endoplasmic reticulum

STARDS Expression Pattern and Subcellular Localization

RNA expression of STARDS is detected across multiple mouse tissues, with highest
levels in liver and kidney [7]. A polyclonal antibody was generated in the Pandak
lab against recombinant human STARDS and detects a ~28kD band in human liver
lysates, with subcellular fractionation showing this band in the cytosolic fraction
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but not the mitochondria or microsomes [34]. However, separation of liver cell
types surprisingly showed STARDS was not present in the isolated hepatocytes,
but rather in the nonparencymal fraction [35]. STARDS immunostaining of liver
identifies cells lining sinusoids that stain for CD68, or Kupffer cells. Consistent
with this, STARDS protein was not detected using this antibody in primary human
hepatocytes, HepG2 cells, or HUVEC endothelial cells, but it is found in immune
cell lines derived from monocyte/macrophages, promyelocytic cells, mast cells, and
basophils. Protein expression by Western Blot was also not detected in brain tissue
or cell lines from fibroblasts, osteosarcoma, or astrocytes. For all of these Western
blot analyses, the corresponding mRNA expression is not published, so it remains
uncertain whether mRNA and protein expression correlate. For instance, multiple
tissue northern blots show minimal STARDS mRNA in spleen [7, 36] where many
immune cells reside. Furthermore, a different polyclonal antibody against STARDS
generated in the Breslow lab (The Rockefeller University) recognizes a band in
HepG2 hepatocellular carcinoma cells [15]. Unfortunately, no publications compare
these two antibodies side-by-side, or validate either antibody by showing ER stress
regulation or loss of signal in STARDS5 knockdown. Further studies will be neces-
sary to definitively address the cell type selective expression of STARDS protein.

In THP-1 macrophages, STARDS immunofluorescence with the Pandak labo-
ratory antibody was located in the cytosol with a focal intensity near the nucleus
co-localizing with the GM130 Golgi marker and high levels of free cholesterol by
filipin staining [35]. Consistent with Golgi localization, STARDS staining dispersed
along with GM130 when the Golgi was disrupted with nocodazole, and it did not
colocalize with a marker of the endocytic recycling compartment (ERC). However,
fractionation and Western blotting for STARDS showed only cytosolic localization
and none in Golgi or ER, suggesting the observed Golgi association may be loose
[35].

The Breslow laboratory antibody was used to study STARDS expression and
localization in kidney, recognizing a ~22kD band in mouse bone marrow derived
macrophages and kidney [29]. Immunohistochemistry of mouse kidney shows
STARDS localization to proximal tubules in the cortico-medullary region and tran-
sitional epithelium lining the renal pelvis, but not in glomeruli. Immunoelectron
microscopy showed STARDS in cytosol and the apical membrane brush border
at the base of microvilli where endocytosis occurs. STARDS also associated with
ER but not Golgi or mitochondria in renal tubule cells. In human HK-2 kidney tu-
bule cells, STARDS colocalized with the ER marker Grp78, both before and after
treatment with the ER stressor tunicamycin, which relocated both markers from a
diffuse punctate pattern to perinuclear and peripheral pattern. Also, STARDS did
not co-localize with an endosomal marker. The authors of this report suggest that
differences in subcellular localization in renal tubule (ER and apical membrane)
and macrophages (Golgi, see above) may reflect association with cholesterol-rich
membranes rather than with a specific compartment [29]. As noted above and dis-
cussed further below, different antibodies could also be a factor.

Nuclear localization was not observed using the Pandak laboratory antibody for
endogenous STARDS in THP-1 macrophages, or primary hepatocytes overexpressing
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recombinant adenoviral STARDS [35]. Likewise, using the Breslow laboratory anti-
body, STARDS was located in the cytosol but not the nucleus of rat Sertoli cells [30].
However, in mouse 3T3-L1 cells assayed by immunofluorescence and subcellular
fractionation using a commercial Santa Cruz antibody, STARDS was located primar-
ily in the nucleus, though remarkably, it redistributed to the cytosol and perinuclear
locations after ER stress with thapsigargin [22]. This regulated subcellular localiza-
tion of STARDS is extremely interesting if validated in other systems.

A Note on STARD4 and STARDS Antibodies

As detailed above, multiple polyclonal antibodies generated in different laborato-
ries have been used to study STARD4 and STARDS, often with conflicting results,
particularly for STARDS. Fortunately, there are now commercial antibodies avail-
able from Santa Cruz that seem to recognize proteins with the expected regulatory
patterns. A STARDS antibody from Santa Cruz gives a band in 3T3-L1 cells with
the expected regulation by ER stress [22], and indeed this antibody showed the
regulated nuclear localization above but was not used in prior localization or ex-
pression studies. A STARD4 antibody from Santa Cruz (sc-66663) shows loss of the
STARD4 band by Western Blot in livers of knockout mice, and decrease in hetero-
zygous mice [16]. The standard use of such well-validated commercial antibodies
for STARD4 and STARDS in the future may help clarify ambiguous and conflicting
results about cellular and subcellular localization.

Structural Studies of STARD4 and STARDS

X-ray crystal structures have been published for STARD4 [37] and STARDS [3§],
as have nuclear magnetic reasonance (NMR) solution structure models [39, 40].
STARD4 and STARDS are very similar to each other and to other START domains:
globular with a helix-grip fold, such that the curved B-sheet and C-terminal a-helix
enclose a hydrophobic cavity large enough to accommodate a single lipid mole-
cule. The four crystal structures of presumed cholesterol-binding START domains
(StAR, MLN64, STARDA4, and STARDS) all lack any lipid in the cavity, even when
efforts were made to include cholesterol in the crystallization solutions. Models
for reversible cholesterol binding have been proposed (reviewed in ref [41] and
elsewhere in this volume). Comparative structural analysis has identified cavity
residues that may mediate ligand specificity [38], and volumetric modelling of the
hydrophobic cavities correlates with lipid binding [42]. While structure-function
correlations have been performed extensively for STARDI, particularly mutations
that cause lipoid congenital adrenal hyperplasia, similar studies have yet to be per-
formed for STARD4 family members. It is obviously of great interest to determine
which lipids occupy the binding cavities of STARD4 and STARDS.
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STARD4 Lipid Binding and Transfer

STARD4 and STARDS were initially predicted to bind cholesterol or related sterols
based on sequence and structural similarity to STARD1 and STARD3 (MLN64)
[7]. Consistent with this, STARD4 and STARDS both show binding to fluorescently
labelled NBD-cholesterol similar to that for STARD1 and STARD3 [43]. Given the
volume of the lipid-binding cavity and the size of the nitrobenzoxadiazole (NBD)
fluorophore, it is surprising that these START domains specifically bind to NBD-
cholesterol at all, but lack of binding by STARD7 served as a negative control.
Table 7.1 summarizes all the lipid-binding data reported to date, which is described
below.

A direct-binding assay showed STARD4 binding to radiolabelled cholesterol
but not 25-hydroxycholesterol or 27-hydroxycholesterol, and no competition by
other unlabelled oxysterols [44]. Lipid protein overlay (LPO) assays were also per-
formed, in which sterols were spotted on nitrocellulose membranes, then recom-
binant GST-STARD4 added and washed prior to detection with anti-Glutathione
S-transferase (GST) antibody. By this assay, STARD4 was able to bind cholesterol
strongly and 7a-hydroxycholesterol weakly (both were competed away by prebind-
ing GST-STARD4 with cholesterol), but not other sterols. Circular dichroism (CD)
spectroscopy also showed cholesterol causes dose-dependent changes in STARD4
far ultraviolet (UV) spectra, consistent with a conformational change upon binding
[44].

In vitro lipid transfer assays test for the ability of a purified protein to facilitate
movement of lipid from a donor to an acceptor membrane. Like StAR/STARDI,
STARD4 was able to increase by 2.6-fold the transfer of ['*C]cholesterol from
small unilamellar liposomes (50 nm small, unilamellar vesicles, SUVs) to isolated
mitochondria [20]. Notably, STARD4 failed to transport normal or peroxidated
phosphitidylcholine. STARD4 was even more effective at increasing the transfer
of 7a-hydroperoxycholesterol, which the authors go on to show causes oxidative
damage to mitochondria and loss of membrane potential, suggesting a potential
deleterious effect of START domain mediated lipid transfer of oxidated lipids [20].

Another elegant transfer assay used donor liposome containing the florescent
cholesterol analog dihydroergosterol (DHE) and acceptor liposomes with a flores-
cent phopholipid, such that DHE transfer from donor to acceptor results in fluores-
cence resonance energy transfer (FRET) between the two lipids [19]. In this sys-
tem, STARD4 was an extremely efficient transporter: it increased the rate of DHE
transfer by 5 orders of magnitude versus the spontaneous level, with 1 uM STARD4
as effective as 1000 uM cyclodextrin, and each molecule of STARD4 transferred 7
DHE molecules per minute. STARD4 has a positively charged patch on its surface
that was hypothesized to interact with negatively charged lipid head groups. Indeed,
the presence of anionic lipids phosphatidylserine and phosphatidylinositol in donor
and acceptor membranes increased STARD4 transfer activity 10-fold relative to
neutral liposomes. Mutation of lysines in the STARD4 basic patch decreased trans-
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Table 7.1 Lipid binding and transfer assays for STARD4 and STARDS. Various assays have been
used to measure lipid binding by STARD4 and STARDS, sometimes with STARDI as a control:
direct in vitro binding of labelled lipid to recombinant tagged protein (Binding), competitive bind-
ing of unlabelled lipid to displace a labelled lipid (Competition), nuclear magnetic reasonance
(NMR), lipid protein overlay (LPO), and transfer of lipid between membranes (Transfer). Relative
binding strength is indicated by (+) signs, no binding by (—), no binding when another assay was
positive by (—*), and assay not reported by (N/A). See text for details

Reference Lipid Assay STARD! STARD4 STARDS
43 NBD-cholesterol Binding +++ +++ +++
34, 44 Cholesterol Binding +++ +++ +++
25-hydroxycholesterol Binding - - +
27-hydroxycholesterol Binding N/A - -
Cholesterol Competition N/A N/A 4+
24-hydroxycholesterol Competition N/A - -
25-hydroxycholesterol Competition N/A N/A —*
24, 25-hydroxycholesterol Competition N/A - -
7a-hydroxycholesterol Competition N/A —* -
Cholic acid Competition N/A N/A —*
B-sitosterol Competition N/A N/A -
4547 Cholesterol NMR +++ N/A -
25-hydroxycholesterol NMR N/A N/A —*
Deoxycholic acid NMR N/A N/A +++
Lithocholic acid NMR N/A N/A +++
Chenodeoxycholic acid NMR N/A N/A ++
Glycodeoxycholic acid NMR N/A N/A +
Taurodeoxycholic acid NMR N/A N/A +
Cholic acid NMR N/A N/A +
Ursodexoycholic acid NMR N/A N/A +
Taurocholic acid NMR N/A N/A -
Glycocholic acid NMR N/A N/A -
44 Cholesterol LPO N/A +++ N/A
7o-hydroxycholesterol LPO N/A + N/A
25-hydroxycholesterol LPO N/A - N/A
27-hydroxycholesterol LPO N/A - N/A
24, 25-hydroxycholesterol LPO N/A - N/A
20a-hydroxycholesterol LPO N/A - N/A
7-ketocholesterol LPO N/A - N/A
Stigmasterol LPO N/A - N/A
20 Cholesterol Transfer N/A ++ N/A
7a-hydroperoxycholesterol Transfer N/A +++ N/A
Phosphatidylcholine Transfer N/A - N/A
Peroxidized phosphatidylcholine Transfer N/A - N/A
19 DHE (cholesterol surrogate) Transfer N/A +++ N/A

fer activity with anionic liposomes by eightfold. Increasing unsaturated fatty acid
chains in acceptor (but not donor) liposomal phosphatidylcholine also increased
transfer activity 3-fold, and this is relevant because the ER is enriched for unsatu-
rated acyl chains and STARD4 may favor transfer to this membrane (see below)
[19]. Overall, STARD4 consistently binds and transfers cholesterol, and perhaps
also some 70-metabolites.
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STARDS Lipid Binding

In vitro binding assays have shown that STARDS can bind several sterol and non-
sterol ligands. One direct binding assay uses recombinant bacterially generated
His-tagged human START domains to bind radiolabelled sterols, retaining binding
through washes of the nickel-resin and elution. STARDS was able to bind both
['4C]cholesterol and [*H]25-hydroxycholesterol, though cholesterol with higher af-
finity since in competitive assays it could displace 25-hydroxycholesterol but not
vice versa [34]. Cholesterol binding was similar to StAR/STARDI1, with saturable
1:1 stoichiometry; however, STARDI did not bind 25-hydroxycholesterol. Fur-
thermore, STARDS did not bind [“C]27-hydroxycholesterol, and no competition
with ['*C]cholesterol was observed using other unlabelled sterols or cholic acid,
though this result is difficult to interpret since even 25-hydrocholesterol did not
compete. CD spectroscopy showed cholesterol and 25-hydroxycholesterol cause
dose-dependent changes in STARDS far UV spectra, consistent with conformation
change upon binding [34].

NMR spectroscopy is another approach taken recently to characterize STARDS
lipid binding (see Chap. 3 of this volume). Similar methods had shown cholesterol
binding to STAR and STARDG, yet the same authors showed that STARDS did not
bind cholesterol or 25-hydroxycholesterol, but rather the bile acids cholic acid and
chenodeoxycholic acid [45, 46]. The NMR structure of STARDS was identical to
the X-ray crystal structure, allowing identification of residues in contact with bile
acids using the “SAR by NMR” (structure activity relationship) method. Remark-
ably, the residues all lined the internal lipid binding cavity of STARDS, demonstrat-
ing for the first time that a lipid could occupy this cavity. This also presumably rules
out long-range allosteric effects or specific binding outside the cavity [46]. In these
NMR studies, there was also little perturbation of the overall structure by lipid bind-
ing, in contrast to the change in CD spectra above. These authors went on to report
the relative affinity of STARDS for multiple common bile acids, showing STARDS
has the highest affinity—in the physiological range—for unconjugated secondary
bile acids without 7a-OH groups (deoxycholic and lithocholic acid) [47]. Over-
all for STARDS, there is a clear discrepancy between biochemical studies show-
ing cholesterol (and 25-hydroxycholesterol) binding and biophysical NMR studies
showing bile acid binding but not cholesterol—even though other START domains
of STARD1 and STARDG6 bind cholesterol as demonstrated using NMR technology.

STARD4 and STARDS Activities

There are several pathways in intracellular cholesterol transport that are thought to
be non-vesicular and mediated by intracellular transport proteins, including trans-
port to mitochondria mediated by StAR/STARD1 in steroidogenic tissues (reviewed
in ref. [48]). Table 7.2 summarizes START domain activities in steroidogenesis and
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other functional assays, described below. In one of the most common steroidogen-
esis assays, non-steroidogenic COS-1 cells are transfected with the mitochondrial
P450 side change cleavage enzyme system and 3f3-hydroxysteroid dehydrogenase.
These two enzymes convert cholesterol to pregnenolone then progesterone, which
is drastically increased by StAR-like activity of delivering cholesterol to mitochon-
dria. In this cell culture transfection assay, STARD4 and STARDS increased pro-
gesterone production two—threefold, less than the five—sevenfold for STARD1 and
STARD3/MLN64 START domains (Fig. 7.5a) [13]. When these same START do-
mains were localized to the cytosolic side of the outer mitochondrial membrane by
fusion with the Tom20 protein (as in ref. [49]), then all four had equal steroidogenic
activity (Fig. 7.5b, unpublished data from Soccio and Breslow). However, when
isolated mitochondria were used for similar steroidogenesis assays, high activity
was observed for STARD1, STARD3, and STARDG6, whereas STARD4 had mini-
mal activity and STARDS had none [43]. When overexpressed by adenovirus in
primary mouse hepatocytes, both STARD1 and STARD4 could increase the rate of
bile acid synthesis, but STARDS lacked this activity [44]. Since these cells only use
the alternative/acidic pathway of bile acid synthesis initiated by the mitochondrial
Cyp27 enzyme, this result is also interpreted as cholesterol delivery to mitochon-
dria. Together, these data suggest that STARD4 and STARDS may be capable of
delivering cholesterol to mitochondria under some conditions, but with less activity
than STARD1—even N-62 STAR lacking the mitochondrial import signal.
STARD4 and STARDS5 may have roles in cholesterol synthesis and esterifica-
tion, both of which involve the ER, and thus affect cellular levels of free and es-
terified cholesterol (see Chap. 8 of this volume for further detail). STARD4 over-
expression in primary mouse hepatocytes increases neutral lipid staining by Oil
Red O and cholesterol ester production from ['“C]cholesterol, effects not observed
for STARD1 or STARDS [44]. Remarkably, even isolated mouse liver microsomes
showed increased ACAT activity (incorportation of ['*CJoleoyl-CoA into cholester-
ol ester) in the presence of STARD4 but not STARDS [12]. Notably, overexpressed
STARD4 did not affect the production of cholesterol or cholesterol esters from ['*C]
acetate, showing that STARD4 does not increase cholesterol biosynthesis or the
esterification of newly synthesized cholesterol [44]. Together, these data indicate
that STARD4 increases esterification of preformed but not newly synthesized cho-
lesterol—suggesting the existence of distinct pools of subcellular cholesterol.
STARD4 knockdown was reported in HepG2 human hepatoma cells by stable
short hairpin RNA (shRNA) and resulted in an ~50% decrease in the RNA and
protein levels under conditions of high expression in lipoprotein-depleted serum
[15]. Consistent with STARD4 delivery of cholesterol to ACAT, STARD4 knock-
down cells had ~40% decreased cholesterol ester levels and ~60% decreased
ACAT activity (measured by incorporation of ['*CJoleate into cholesterol esters).
While free cholesterol levels overall were unchanged, filipin staining of free cho-
lesterol showed more cholesterol at the plasma membrane in STARD4 knockdown
cells, both in cholesterol-depleted and -replete conditions. Along with apparently
more cholesterol in the plasma membrane, there was ~70% less free cholesterol in
ER membrane fractions from STARD4 knockdown cells. Furthermore, cholesterol
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Fig. 7.5 Some activities common to STARD4, STARDS, STARD1/STAR, and STARD3/MLN64.
a A co-transfection steroidogenesis assay was performed in COS-1 cells (see text for details), and
the four cholesterol-binding START domains (but not STARD2/PCTP) were able to stimulate
progesterone production. STARD1 and STARD3/MLN64 consistently showed higher activity than
STARD4 and STARDS. b The same steroidogensis assay was performed with Tom20 fusion pro-
teins localizing the START domains to the cytosolic face of outer mitochondrial membrane. In this
case, the four cholesterol-binding START domains had similar activities, with the anti-FLAG tag
Western blot in the lower panel showing similar expression levels. ¢ COS-1 cells were transfected
with expression plasmids and luciferase reporters for LXR activity, with a pharmacologic LXR ago-
nist serving as the positive control. The four cholesterol-binding START domains (but not PCTP)
were able to activate the LXR reporter to various degrees in the absence of agonist. d HEK-293
cells were transfected with an SRE-luciferase reporters to measure endogenous SREBP activity,
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Table 7.3 STARD4 knockdown and overexpression give opposite effects. STARD4 knockdown
was reported in HepG2 cells (reference 15) and overexpression in U20S cells (reference [19]),
giving consistent opposite effects in various functional assays of intracellular cholesterol transport
and metabolism. These results support a role of STARD4 in delivering cholesterol from the plasma
membrane to intracellular membranes like the endocytic recycling compartment and the endo-
plasmic reticulum, where activities of affect acyl-coenzyme A cholesterol acyltransferase (ACAT)
and sterol regulatory element binding protein (SREBP) cleavage-activating protein (SCAP) are
affected. (See text for details.)

Knockdown (HepG2, ref 15)  Overexpression (U20S, ref 19)

ACAT activity Decreased Increased (DHE localization
to lipid droplets)

Cholesterol ester levels Decreased Increased

ER cholesterol levels Decreased Increased (SCAP relocation to
ER upon cholesterol loading)

Plasma membrane cholesterol Increased Not reported

Cholesterol (DHE) transfer Slowed Accelerated

to ERC

movement to the ERC was studied using DHE and fluorescence recovery after pho-
tobleaching (FRAP). In control cells in lipoprotein depleted serum, adding choles-
terol resulted in more rapid DHE recovery (t,, from 118 to 94 s), while this effect
was abrogated in STARD4 knockdown cells (t, , not significantly changed from 110
to 117 s). Transferrin recycling was unaffected, indicating that STARD4 selectively
affects non-vesicular sterol trafficking to the ERC. STARDS protein levels were
not affected by STARD4 knockdown, but under cholesterol-depleted conditions
STARD4 knockdown cells had increased cell surface LDL receptor and decreased
NPCI1 protein (an endosomal transmembrane cholesterol transporter), suggesting
compensatory responses [15].

Elegant experiments involving STARD4 knockdown and overexpression were
also reported in U20S human osteosarcoma cells [19]. Table 7.3 summarizes the
consistently opposite effects reported for STARD4 knockdown and overexpression.
STARD4 overexpression had many notable effects: ACAT-dependent re-localiza-
tion of DHE from the plasma membrane to neutral lipid droplets (i.e. esterification),
increasing cellular cholesterol esters twofold, and increasing the rate and extent of
DHE FRAP in the ERC. In cholesterol-depleted cells upon reloading with choles-
terol, SCAP relocates from Golgi to ER resulting in less SREBP activation, and
STARD4 accelerated relocation of SCAP—presumably by increasing ER choles-
terol. Notably, microinjection of these cells with the nonselective lipid exchanger
methylcyclodextrin (MCD) had all of the same effects delivering cholesterol to the
ER and ERC. Conversely, small interfering RNA (siRNA) knockdown of STARD4

which is repressed by 25-hydroxycholesterol (25HC) as a positive control. The four cholesterol-
binding START domains (but not PCTP) were able to repress SREBP activity. The research in (a)
and (¢) was adapted from Soccio [13]. © the American Society for Biochemistry and Molecular
Biology. (b) and (d) are unpublished data from Soccio and Breslow. MLN64 metastatic lymph
node clone 64, START steroidogenic acute regulatory protein (StAR)-related lipid transfer, SREBP
sterol regulatory element binding protein
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in U20S cells increased filipin staining without changing its expression pattern and
increased free cholesterol levels by ~50%, and these effects were rescued by ex-
pression of an siRNA-resistant STARD4 or by microinjection of MCD. This result
can be interpreted based on ER cholesterol sensing by SCAP: lack of STARDA4 re-
sults in less ER-free cholesterol, such that SREBP2 establishes a higher “set point™
for cellular cholesterol. Furthermore, in the setting of cholesterol loading, STARD4
siRNA resulted in defective cholesterol esterification (measured by cholesterol es-
ter content and transfer of DHE to lipid droplets), again rescued by MCD microin-
jection. Therefore, while STARD4 can apparently mediate transfer of cholesterol
to the ER for esterification by ACAT or sensing by SCAP, the non-targeted carrier
MCD can have the same effects.

The effects of STARDS overexpression are different from STARDA4. In the same
mouse primary hepatocyte system where STARD4 affected cholesterol esterifica-
tion, overexpression of STARDS (but not STARD1 or STARD4) increased cellu-
lar free cholesterol 12-fold as assessed by filipin staining, similar to what was al-
ready observed in primary rat hepatocytes [34, 44]. A correlation between increased
STARDS and higher renal free cholesterol was also observed in the diabetic OVE26
mice [29], and the same positive correlation is seen in human proximal tubule cell
lines [50]. However, STARDS overexpression did not change the distribution of
exogenously added DHE in U20S cells, a system in which STARD4 caused DHE
to localize to lipid droplets [19]. In THP-1 human macrophages, overexpression
of STARDS had drastic effects increasing mRNA expression of SREBP-2 and
liver X receptor (LXR)a, whereas MLN64/STARD3 and STARD4 did not have
these effects [51]. Therefore, while not affecting ACAT, STARDS appears to affect
cellular free cholesterol levels.

The SREBP and LXR transcription factors respond to cellular sterols, so per-
turbations in cellular sterol metabolism may affect their activities. Consistent with
this, overexpression of STARD4 or STARDS (as well as the START domains of
STARDI1 and STARD3) could activate luciferase reporters driven by the nuclear
receptor LXR (Fig. 7.5c), and this result is interpreted as sterol transport to generate
or translocate an LXR ligand oxysterol [13]. Likewise, overexpressed STARD4 and
STARDS5—again like the STARD1 and STARD3 START domains—could repress
SRE driven-reporters, suggesting sterol transport affecting sterol-sensing by SCAP
and thus SREBP activity (Fig. 7.5d, unpublished data from Soccio and Breslow).
The effect of STARD4 on SREBP-2 processing was tested directly, and both over-
expression and knockdown of STARD4 could affect SREBP-2 cleavage in complex
ways [19]. Since SREBP-2 activates STARD4, and STARD4 can deliver choles-
terol to the ER, then STARD4 negatively feeds back on SREBP activity. Statin
drugs rely on SREBP-induced LDL receptor expression to lower serum cholesterol,
so statin-induced STARD4 expression (shown in ref. 16) may attenuate this effect
such that STARD4 inhibition would increase statin efficacy. If this model is correct,
then it is remarkably analogous to Pcsk9, which is induced by SREBP2 but triggers
degradation of the LDL receptor, such that Pcsk9 inhibition is desirable to lower se-
rum cholesterol [9]. STARD4 and Pcsk9 may thus both serve as negative feedback
“brakes” on the SREBP-2 and LDL receptor pathway (Fig. 7.6).
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Fig. 7.6 Like Pcsk9, STARD4 may negatively feedback on the SREBP-2/LDL receptor pathway.
a Low levels of ER cholesterol result in proteolytic activation of the SREBP-2 transcription factor.
b Mature SREBP-2 activates transcription of genes involved in cholesterol synthesis (HMGCR
and other biosynthetic enzymes) and uptake (the LDL receptor), thus restoring cholesterol levels. ¢
SREBP-2 activates Pcsk9, which functions to inactivate the LDL receptor and thus blunt the effect
of SREBP-2 on cholesterol uptake. d SREBP-2 also increases expression of STARD4, which
can deliver cholesterol to the ER and thus decrease SREBP-2 activity. Widely used statin drugs
rely on SREBP-2 mediated LDL receptor activation to lower serum LDL levels, and inhibition of
Pcsk9 is known to potentiate this effect. Likewise, inhibition of STARD4 could increase the effects
of statins on SREBP-2 and LDL receptor. Pcsk9 proprotein convertase subtilisin/kexin type 9,
SREBP sterol regulatory element binding protein, LDL low-density lipoprotein, ER endoplasmic
reticulum, HMGCR HMG CoA (3-hydroxy-3-methylglutaryl coenzyme A) reductase

One small study with overexpression of STARD4 in human keratinocytes by
transient transfection gave conflicting results, such as decreased incorporation of
[**Clacetate into free cholesterol and cholesterol esters, suggesting less cholesterol
synthesis [33]. While no changes in “total lipid mass” were noted, it is unclear
whether cholesterol esters were measured (the data above suggest STARD4 medi-
ates increased esterification of preexisting cholesterol). There were also changes
in gene expression for SREBP-2 (increased, without changes in target genes like
HMGCR) and ABCA1 and ABCGH4 lipid transporters (though these went in op-
posite directions despite both being LXR targets induced by oxysterols). These ke-
ratinocyte results are difficult to interpret, but support the idea that STARD4 can
redistribute cellular sterols to affect lipid metabolic pathways.

In contrast to potential negative effects on statin efficacy, START protein-
mediated lipid transfer may have beneficial effects on atherosclerotic disease
(see Chap. 5 of this volume). Several studies have ectopically expressed STARDI
in non-steroidogenic cells and tissues that do not normally express high levels, such
as hepatocytes, macrophages, and endothelial cells. STARDI expression in THP-1
macrophages could reduce lipid accumulation and inflammation, likely by increas-
ing LXR signaling and expression of target genes [52]. Similar effects on LXR
target genes were seen in endothelial cells [53]. Likewise, viral infection to overex-
press STARDI1 predominantly in the liver of ApoE null mice resulted in lowering
of serum cholesterol, as well as reduction in hepatic steatosis and—most notably—
aortic atherosclerotic lesions (Fig. 7.7) [54]. It is likely that effects of STARDI
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Fig. 7.7 Viral expression of STARD1/STAR decreases atherosclerosis. a ApoE null mice develop
aortic atherosclerotic lesions, which stain with Sudan IV dye for neutral lipid in en face prepara-
tions. Mice infected with an adenovirus expressing STAR had markedly smaller lesions compared
to control mice that were either uninfected (NS) or infected with a control virus (EGFP). b Quan-
tification of lesion area confirms the protective effect of STAR. Notably, in this system STAR
is predominantly overexpressed in the liver where it is not normally found, while STARD4 and
STARDS are normally expressed there. Adapted from Ning Y, Xu L, Ren S, Pandak WM, Chen S,
Yin L. STAR overexpression decreases serum and tissue lipids in apolipoprotein E-deficient mice.
Lipids. 2009 Jun;44(6):511-9. PMID: 19373502

in these ectopic experimental contexts may mimic the physiology of other related
START proteins like STARD4 and STARDS that are normally expressed in liver
and macrophages. Overall, given their potential effects on subcellular cholesterol
transport, SREBP processing, and LXR activation, loss of STARD4 or STARDS
protein activity may have complex phenotypes—and in the absence of pharmaceuti-
cal inhibitors, knockout mice are an excellent way to study these.

STARD4 Subfamily Knockout Mice

Given that STARD4 can clearly affect cellular cholesterol metabolism, it was hy-
pothesized that the knockout mice might have phenotypes reflecting altered cho-
lesterol transport. However, mice with a whole body null allele for STARD4 were
born at normal Mendelian ratios, developed normally, and were apparently healthy
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with normal male and female fertility and normal litter sizes [16]. Pathological ex-
amination (gross and histological) as well as serum chemistries and blood counts
failed to show any differences. On chow diet, the STARD4 knockout mice had
lower body weights by approximately 2 g (males from weeks 5—12, though females
differed significantly only at week 12), but they were also shorter in length such
that the body mass index was unchanged. Food intake during weeks 6—8 did not
differ significantly. When male mice were placed on a high fat diet for 12 weeks
(weeks 8-20), there was no longer any significant weight difference. Dual-energy
X-ray absorptiometry (DEXA) scans for body composition at week 8 (prior to high
fat diet) and week 20 (after high fat diet) showed no difference in lean, fat, and bone
mass. Notably, cholesterol levels in knockout mice did not differ in plasma (total,
high-density lipoprotein (HDL), non-HDL, free, esterified) or liver (total, free, and
esterified), nor did plasma or liver triglycerides. This lack of difference was seen in
both sexes on chow diet, upon statin treatment, or upon cholesterol feeding (with
the exception of some small decrease in serum total, LDL, and esterified cholesterol
in female mice on high cholesterol diet). Fasting glucose and glucose tolerance
were also unchanged. A subtle difference was reported in the bile, which appeared
~25 % more dilute in female knockout mice (based on biliary cholesterol, phospho-
lipid, and bile acids, though the last component was not significantly different), but
this difference was only seen in female but not male mice, and measurement was
only reported on the chow diet, not the other diets tested. Notably, microarray pro-
filing of liver gene expression on a cholesterol-free diet showed no significant dif-
ferentially regulated genes in the knockout mice. Quantitative reverse transcription
(RT)-PCR analysis of candidate genes showed some small differences that were
not consistent across diets (i.e., NPC1 was decreased in knockout mice on a 0.0 %
cholesterol diet, but not with lovastatin or 0.5% cholesterol, while STARDS was
slightly increased in knockout mice on statin and 0.5 % cholesterol but not on 0.0 %
cholesterol). In conclusion, any of the reported differences between wild-type and
STARD4 knockout mice are subtle and inconsistent across conditions (gender, diet,
etc.), suggesting that they could merely arise from chance variation when so many
parameters were tested in so many combinations. This lack of any overall apparent
phenotype suggests that STARD4 functions can be replaced by other redundant cel-
lular proteins [16].

Despite the overall lack of a phenotype in STARD4 null mice, these animals
nonetheless merit further study. For instance, stressing the mice with obesity and
metabolic syndrome (such as high fat diet-fed or ob/ob mice, in which serum and
hepatic lipids are markedly increased) or atherosclerosis (such as ApoE or LDL
receptor null mice, in which macrophage cholesterol handling affects lesion pro-
gression) may unmask phenotypes. To address potential redundancy among START
family members, combined knockout of STARD4 could be generated with STARDI,
STARD3, or STARDS. Likewise, studies of isolated STARD4 null primary macro-
phages or hepatocytes may reveal effects on cholesterol uptake, esterification, or
efflux that are compensated in the whole animal. Tissue specific knockouts could
also be generated by using the existing LoxP-flanked STARD4 allele with different
Cre recombinase drivers, and acute hepatic knockout by infection with adenoviral
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Cre could reveal effects prior to compensatory mechanisms. Furthermore, studies
of mice lacking STARDS and STARDG should be undertaken, particularly as these
gene-targeted mice are now available via the International Knockout Mouse Con-
sortium [55]. One obvious question is whether male mice lacking STARDG are
fertile, as some defect in sperm maturation or function may exist (see below). Like-
wise, an effect on bile acid homeostasis in STARDS null mice would support the
notion that STARDS binds these cholesterol-derived molecules.

What About STARDG6?

There have been many fewer studies of STARD6 compared to the other subfam-
ily members STARD4 and STARDS. STARDG6 expression by Northern Blot was
observed only in the testis [7], and subsequent in situ hybridization studies in rats
further localized the mRNA to male germ cells, particularly the maturing round and
elongated spermatids [56]. An anti-STARD6 antibody confirmed testis-specific ex-
pression by Western Blot, and immunostaining in round and elongated spermatids
[56]. This agrees with unpublished observations that STARD6 mRNA is neither de-
tected in MA-10 or freshly isolated Leydig cells nor in the testis of Kit W/Wv mice
[57] deficient in germ cells (Fig. 7.8, unpublished data from Soccio and Breslow).
There is one conflicting report of STARD6 immunostaining of interstitial Leydig
cells of hypothyroid but not control rats [ 58], but no mRNA or Western analysis was
performed to confirm this unexpected localization in Leydig cells. STARDG6 protein
transfers cholesterol to mitochondria as efficiently as STARDI [43], and notably
the STARDG6 gene falls in a mouse quantitative trail locus that affects activity of
sperm mitochondrial diaphorase enzyme activity [59]. The localization of STARD6
in mature sperm has not been reported, and this will be informative as mitochondria
localize to the midpiece. Cholesterol and its precursor sterols have several essential
roles in sperm maturation and function (reviewed in ref. 7 and 56), and STARD6
knockout mice may have impaired fertility due to altered cholesterol metabolism in
germ cells.

STARDG expression in brain has reported by immunohistochemistry, in nuclei
but not cytosol, of neurons and glial cells throughout the central and peripheral
nervous system [60]. These authors used the same antibody described above, and
could not explain the discrepancy that it failed to detect a band by Western blot in
brain [56], nor that STARD6 mRNA is undetectable in brain [7]. Nonetheless, this
group has gone on to publish a series of reports about STARD6 immunolocaliza-
tion in various brain regions. STARD6 immunostaining in rat hippocampus was
observed in the nucleus and cytoplasm and increased transiently after induction of
seizures [61] or exitotoxicity [62], an effect actually confirmed by Western blots
on hippocampal protein, and the localization was distinct from that of STARDI
immunolocalization [63]. STARD1 and STARD6 immunostaining were also re-
ported in Purkinje cells of the cerebellum, potentially responding differentially to
hypothyroidism [64]. A potential role in neurosteroid production is proposed, but
this remains entirely speculative.
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One report implicates STARDG6 in non-small cell lung cancer cells response to
the chemotherapeutic agent paclitaxel [65]. While this raises the interesting issue of
tumors ectopically express spermatogenic proteins that may be functional in neo-
plasia, there are no other reports of STARD6 expression and function in tumors.

Regulatory elements mediating the male germ cell specific expression of
STARDG have not been identified. Notably, the STARD6 mRNA suggests many
levels of regulation. 5" RACE from testis cDNA identified multiple alternative first
exons (three in mouse, two in human) as well as multiple initiation sites in these ex-
ons (unpublished data from Soccio and Breslow), showing alternative initiation and
splicing. Also notable is the long multiexon 5" UTR, which includes many potential
ATG start codons which cannot encode the START protein, as a TAG stop codon
immediately precedes the ATG for that open reading frame [7, 56]. Such upstream
ATGs are rare in eukaryotic mRNAs and are thought to mediate translational regu-
lation (reviewed in ref 56).
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C. elegans Have One STARD4 Subfamily Member

While mammals have the three STARD4 subfamily members, the nematode worm
C. elegans has only one STARD4 subfamily homolog, named K02D3.2, among its
six START domain encoding genes [5]. (In comparison, the fruit fly Drosophila me-
lanogaster has four START domain-encoding genes, and none of these is most simi-
lar to the mammalian STARD4 subfamily.) The K02D3.2 gene is ~23 % identical to
mammalian STARDS, and only ~17% to STARD4 and STARDG6. No publications
have specifically studied this gene, though two large screens have given suggestive
results. First, siRNA knockdown of K02D3.2 resulted in decreased fat storage in
the gut lining cells [66]. Second, a genome wide map of protein-protein interactions
by yeast two-hydrid showed K02D3.2 binding to TO1D1.6 (abu-11) [67], which is
activated when the ER stress response is blocked [68]. The expression pattern of
K02D3.2 is not published, though a GFP reporter driven by ~2.7 kb of its promoter
was expressed in seam cells of the embryos and larvae, though it was not affected
by cholesterol depletion or tunicamycin treatment (unpublished data, Soccio and
Breslow in collaboration with Elliot Perens and Shai Shaham at the Rockefeller
University). Seam cells actively secrete the cuticle covering the worm, so they may
have high physiological levels of ER stress due to active protein secretion, but this
is entirely speculative. Finally, K02D3.2 itself has not been implicated in the ER
stress response in nematodes. Further studies specifically addressing K02D3.2 will
be necessary to determine the role of this STARD4 subfamily protein in nematodes.

Summary

Despite a decade of work and dozens of publications, there are many unanswered
questions regarding the STARD4 subfamily of START proteins. STARD6 expres-
sion in male germ cells clearly indicates a role in sperm and male fertility, while the
consistent activation of STARD4 by SREBPs and STARDS by ER stress suggests
other potential functions. The preponderance of evidence generally indicates that
all three proteins can bind and transfer cholesterol itself, while the results are incon-
sistent for related molecules (precursors, oxysterols, and bile acids). Given impor-
tant roles for these other molecules in metabolism, ligand binding by these START
proteins certainly merits further study, particularly comparative efforts looking at
panels of START domains in the same assay system. STARD4 can clearly mediate
intracellular cholesterol movement, particularly to ER-resident ACAT for esterifica-
tion, though many of the cellular effects can be mimicked by non-selective transport
by cyclodextrin. The STARD4 null mice have unchanged levels of cholesterol and
cholesterol ester in liver and plasma, suggesting that other redundant sterol transfer
mechanisms may exist. While not affecting esterification, STARDS can have other
drastic effects on cellular cholesterol metabolism that require further characteriza-
tion, such as large increases in free cholesterol staining with filipin. STARD4 and
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STARDS appear to be widely expressed cytosolic proteins, though two intriguing
aspects of STARDS localization deserve careful study: the potential selective local-
ization of STARDS to macrophage and immune cells and the potential translocation
from nucleus to cytoplasm upon ER stress.

In conclusion, there has been considerable progress in the understanding of the
STARD4 subfamily’s cellular and subcellular localization, regulation, lipid bind-
ing and transfer, and effects of knockdown and overexpression. This progress has
yet to reveal their functions in normal and disease physiology, but many of the
reagents and animal models to probe these questions now exist. There is a trend
towards more publications naming STARD4 and/or STARDS in their titles, as more
than half of these have appeared since 2010 (10 of 19 total, with the other 9 from
2002-2009). The next decade of research on the STARD4 subfamily will hopefully
show even more accelerated progress.
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Chapter 8

Steroidogenic Acute Regulatory Protein-related
Lipid Transfer (START) Proteins in
Non-vesicular Cholesterol Transport

David B. Iaea, Shu Mao and Frederick R. Maxfield

Abstract Lipid transfer proteins play an important role in non-vesicular transport
of sterols, phospholipids, and sphingolipids among intracellular membranes to
maintain the proper sterol and lipid distribution. The steroidogenic acute regulatory
protein-related lipid transfer (START) domain family are defined by a conserved
210 amino acid sequence that folds into an o/f helix-grip structure containing a
hydrophobic pocket for ligand binding. The mammalian START proteins bind a
variety of ligands, including cholesterol, phospholipids, sphingolipids, and bile
acids with putative roles in non-vesicular lipid transport, tumor suppression, and
thioesterase activity. However, the functions of many START proteins have yet to
be well characterized. Recent studies have focused on determining the cell type
distribution and expression profile of the START proteins, examining the ligand
specificity and directionality of transport and characterizing disease states that may
be associated with deregulation of START proteins. This chapter will summarize
current findings regarding the physiologic and pathological roles of the START
proteins in non-vesicular lipid transport.
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MLNo64 metastatic axillary lymph node 64 kDa protein

NPC Niemann-Pick C

ORP OSBP-related protein

OSBP oxysterol binding protein

PC phosphatidylcholine

PCTP phosphatidylcholine transfer protein

PE phosphatidylethanolamine

PH pleckstrin homology

PM plasma membrane

PS phosphatidylserine

S1Pand S2P  site 1 and site 2 proteases

SCAP SREBP-cleavage-activating protein

SREBP-2 sterol regulatory element-binding protein-2

STARD START-related domain

START steroidogenic acute regulatory protein-related lipid transfer
VAP vesicle-associated membrane protein-associated protein
Introduction

Our laboratory’s initial interest was the basic cellular process of receptor-mediated
endocytosis [1], and our main research tool has been quantitative fluorescence mi-
croscopy. We initially used low-density lipoproteins (LDL) as a fluorescent probe
to study endocytic pathways because they could be labeled brightly, which was very
useful given the cameras available in the 1980s and 1990s. Later, in collaboration
with Ira Tabas at Columbia University, we began to explore the role of lipoproteins
in the formation of macrophage foam cells [2]. This led to investigations into how
LDL-derived cholesterol gets from late endosomes and lysosomes (LE/LY) into the
endoplasmic reticulum (ER; [3]), followed by a realization that this process was not
well understood. We then explored the use of a fluorescent sterol, dehydroergosterol
(DHE), that had been studied extensively by Schroeder’s group [4, 5], and we began
to study its intracellular transport [6]. It became obvious that there was extensive
non-vesicular intracellular transport of sterols in mammalian cells, and we wanted
to understand what the carriers might be. Jan Breslow, at Rockefeller University,
discussed STARD4 with us because of his interest in this as an SREBP2-regulated
protein, and we began a collaboration to investigate the possible role of STARD4
and STARDS in sterol transport. Our initial studies were not successful, mainly
because the microscopy tools available at the time were inadequate. With better
instruments and a better understanding of the cell biology, we were able to publish
two papers to date on the cellular role of STARDA4 in sterol transport and regulation
[7, 8]. We continue to explore this fascinating but challenging family of proteins.
Sterols are ubiquitous components of cell membranes in eukaryotes. Among the
major lipid components of eukaryotic membranes, sterols have a unique chemical



8 Steroidogenic Acute Regulatory Protein-related Lipid Transfer (START) ... 175

structure. Cholesterol, a 27 carbon molecule, contains a single hydroxyl as the only
polar component, four planar rings and a short alkyl chain [9]. Its structure is in con-
trast with most phospholipids, which are composed of large polar headgroups and
long hydrocarbon chains. Cholesterol is heterogeneously distributed among cellular
organelles with ~60 % of total cellular cholesterol in the plasma membrane (PM) of
mammalian cells, while relatively low amounts are maintained in the mitochondria
and ER, the latter being the site of cholesterol biosynthesis and storage [10—-14]. In
several cell types, the endocytic recycling compartment (ERC) has been shown to
be a major pool of intracellular cholesterol [6, 15].

Cellular cholesterol content has major effects on the biophysical properties of
membranes [16], which can alter the functional properties of membrane proteins
[17, 18]. Therefore, maintaining the proper distribution of cholesterol among cel-
lular membranes is required for homeostasis. As discussed in this chapter, sterol
transport among organelles plays a key role in the cell’s mechanisms for maintain-
ing cholesterol homeostasis. At the cellular level, excess cholesterol can be regu-
lated rapidly by esterification by acyl-CoA:cholesterol acyl-transferase (ACAT)
followed by storage in lipid droplets. The rate-limiting step in esterification of cho-
lesterol by ACAT is delivery of cholesterol to the ER, which can be assisted by vari-
ous lipid transfer proteins [15, 19]. At the level of the whole organism, cholesterol
is metabolized in the liver to bile acids, and excretion of bile is the major pathway
for elimination of cholesterol. Dysregulation of cholesterol homeostasis is an im-
portant contributor to diseases such as atherosclerosis and some lysosomal storage
disorders, and it can play a role in some cancers as well [20-22].

Cellular cholesterol levels are tightly regulated by coordinated biosynthetic and
efflux pathways. Mammalian cells obtain cholesterol by two primary mechanisms:
uptake from lipoproteins and de novo biosynthesis. Figure 8.1 illustrates pathways
of intracellular sterol transport. Alterations in the cholesterol content of the ER
causes profound changes in the expression of genes involved in the biosynthesis
and uptake of cholesterol through the actions of the Insig-SCAP-SREBP2 proteins
[23]. Endogenous cellular cholesterol biosynthesis occurs in the ER, which contains
the major rate-limiting enzyme in cholesterol biosynthesis, HMG-CoA reductase
(HMGR). HMGR expression is transcriptionally regulated by the sterol regulatory
element-binding protein-2 (SREBP2) transcription factor [24]. When cellular ste-
rols are abundant, SREBPs are retained in the ER membrane in a complex with the
cholesterol-sensing protein, SREBP-cleavage-activating protein (SCAP), and the
ER retention proteins insulin-induced genes 1 and 2 (INSIG 1-2) [11].

When cholesterol content in the ER is depleted, SCAP undergoes a conforma-
tional change and is released from Insig, allowing the SREBP2-SCAP complex to
translocate to the Golgi apparatus [13]. In the Golgi, SREBP2 is proteolytically
processed by the site 1 and site 2 proteases (S1P and S2P) to release the 50 kDa
amino (N)-terminal transcription factor that translocates to the nucleus to activate
the expression of genes involved in sterol biosynthesis, uptake, and metabolism
[25]. Therefore, changes in cholesterol levels in membranes such as the PM must
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Fig. 8.1 1, 2 LDL particles containing cholesterol-esters and free cholesterol are internalized by
clathrin-mediated endocytosis of the LDL receptor [1]. 3 The low pH in early endosomes causes
the LDL to be released from its receptor, and the empty LDL receptor returns to the cell surface
for further rounds of endocytosis. 4 The LDL is retained in the early sorting endosomes, which
mature into late endosomes where it encounters acid hydrolases including lysosomal acid lipase,
which hydrolyzes the cholesteryl esters in the core of the LDL particles. 5 The free cholesterol is
transported out of LE/LY and delivered to other cellular membranes including the plasma mem-
brane and ER by primarily non-vesicular mechanisms. 6 Cholesterol in the plasma membrane
can traffic to the ERC and back by both vesicular and non-vesicular mechanisms. 7 Cholesterol
transport from the plasma membrane to the ER informs the homeostatic machinery about the free
cholesterol levels in the cell. LDL low density lipoproteins, LE/LY late endosome and lysosomes,
ER endoplasmic reticulum, ERC endocytic recycling compartment

be sensed in the ER to maintain cholesterol homeostasis. Studies of lipid traffick-
ing from the PM generally find extremely low levels of delivery to the ER [26],
indicating that non-vesicular transport must be required for effective movement of
cholesterol from the PM [19] to the ER [1].

This poses an interesting question in that, in order for cholesterol levels sensed
in the ER to reflect the cholesterol distribution and content in other organelles, such
as the PM and endosomes, there must be a mechanism for rapid redistribution of
cholesterol. Several lines of evidence indicate that non-vesicular transport plays an
important role in maintaining the correct distribution of cholesterol among organ-
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elles. Lipid transfer proteins play an important role in non-vesicular transport of
sterols and lipids among intracellular organelles [27]. They also play an important
role in sensing abundance of lipids and regulating cellular physiology [28]. Newly
synthesized cholesterol in the ER is rapidly trafficked to the PM, by non-vesicular
mechanisms [29-31]. A fluorescent sterol, DHE, showed a distribution in Chinese
hamster ovary (CHO) fibroblasts similar to cholesterol [6]. When the DHE in the
ERC was photobleached, much of it was replaced by DHE from elsewhere in the
cell (mainly the PM) within a few minutes [6]. Most of this transport of DHE was
adenosine triphosphate (ATP)-independent, so it must have been by a non-vesicular
process. Additionally, following receptor mediated endocytosis of LDL, free cho-
lesterol is generated by hydrolysis of cholesterol esters in the LE/LY compartments
[32]. The cholesterol that is released from the LE/LY is distributed throughout the
cell, including the PM [19] and the ER [1, 33]. Since there are not major vesicular
trafficking routes from the LE/LY to either the PM or the ER, it is likely that much
of this transport is non-vesicular.

There are several protein families that are classified as sterol transfer proteins,
which have been shown to be capable of transferring sterols between membranes
[34]. Sterol transfer proteins can interact directly with membrane compartments to
extract sterol and then diffuse in complex with the sterol to acceptor membranes
[35]. In some cases, such as ER-PM contact sites, the membranes of two organ-
elles are held in close proximity by protein complexes, and this can facilitate rap-
id exchange of sterol between the membranes by reducing the distance that the
sterol:protein complex must travel. This mechanism would also provide a means
for targeted delivery of sterol from donor to acceptor membranes. Two major gene
families for lipid transfer proteins that have been implicated in such trafficking are
the steroidogenic acute regulatory protein (StAR)-related lipid-transfer (START)
domain family [36] and the oxysterol-binding protein (OSBP) and OSBP-related
protein (ORP) family, which have been discussed in detail elsewhere [37, 38].
This chapter will summarize the current knowledge of the physiologic roles of the
START proteins in non-vesicular lipid transport.

Sterol Transport Proteins and the START Domain Family

The START domain is defined by a 210 amino acid sequence that folds into an o/f
helix-grip structure containing a hydrophobic pocket for ligand binding [39, 40].
Database analyses have identified START domains in the genomes of plants, bac-
teria, protists, and animals, but they have not been identified in either archaea or
yeast. Interestingly, START domains are most abundant in plants and are found in
proteins that contain a homeodomain, suggesting a role in transcriptional regulation
[41]. This unique protein architecture of the START-homeodomain is found only in
plants. However, the presence of a START domain in conjunction with other motifs,
to form multi-domain proteins, is common in various phyla and permits additional



178 D. B. laca et al.

protein functionality such as enzymatic activity, signaling, and protein localization
[42].

The mammalian START domain protein family is composed of 15 members
that group into six subfamilies based on domain architecture and ligand speci-
ficity [42]. In general terms, there are the cholesterol/oxysterol binding proteins
(STARD1/3 subfamily), soluble proteins (STARD4/5/6 subfamily), phospholipid-
and sphingolipid-binding proteins (STARD2 [phosphatidylcholine transfer protein,
PCTP]/7/8/10/11 subfamily), putative Rho-GTPase signaling (STARDS/12/13 sub-
family), thioesterase activity containing proteins (STAR4/15 subfamily), and the
STARDY subfamily composed of a single member.

Mechanism of START-mediated Sterol Transport

The crystal structures of human STARD3/metastatic axillary lymph node 64 kDa
protein (MLN64) and murine STARD4 were among the first of the START pro-
teins to be described [39, 43]. The structures of these proteins showed an o/p helix-
grip structure composed of nine anti-parallel B sheets flanked at the amino- and
carboxyl-termini by a helices. The core of this protein forms a hydrophobic pocket
that would accommodate a single sterol molecule. The suggested mechanisms for
START domain cholesterol transfer has been described elsewhere [44, 45]. In brief,
structural and biophysical studies have proposed two models: Movement of the
carboxyl termini helix leads to a molten globule transition to facilitate cholesterol
absorption and release [44, 46]. Alternatively, molecular dynamics studies have
proposed that movement of the omega-1 loop, following membrane binding, may
be sufficient for activity [45]. Comparing the structure of several sterol transfer pro-
teins, demonstrates that they each contain a hydrophobic ligand pocket capable of
binding a single sterol molecule [43, 47, 48]. In several of these proteins, the sterol-
binding pocket is under “gated” regulation that could open and close upon interac-
tion with the lipid bilayer, as suggested by molecular dynamic studies, to facilitate
sterol/lipid absorption and delivery to specific membranes. To date, several crystal
structures of START family members have been reported, confirming that the helix-
grip structure is maintained across five mammalian START subfamilies [49, 50].

The Soluble Sterol Transporters STARD4 Subfamily

The STARD4 subfamily is composed of STARD4, STARDS, and STARDG. This
subfamily is most closely related to the STARD1/3 subfamily with approximately
25% sequence identity in the START domains [51]. STARD4 was identified as a
novel expressed sequence tag (EST) in a microarray designed to identify genes
that are transcriptionally regulated by cholesterol in the liver. Briefly, mice that
were fed a high cholesterol diet had reduced STARD4 messenger ribonucleic acid
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(mRNA) levels in comparison to control animals. Expression of STARD4 in 3T3-
L1 fibroblasts and a human monocytic cell line derived from an acute monocytic
leukemia patient (THP-1) was suppressed by sterol overloading and enhanced by
statin treatment [52]. These findings are consistent with STARD4 being transcrip-
tionally regulated by cellular cholesterol levels via SREBP-2 [53]. Subsequently,
STARDS and STARDG6 were identified by BLAST search of the whole genome and
EST databases [51]. Analysis of the protein-coding sequence for the STARD4 fam-
ily indicates a protein of ~25 kDa that is entirely composed of the START domain
without a membrane targeting sequence. The cytosolic distribution of these START
proteins has led to increased interest and speculation regarding the role of these
proteins in cholesterol trafficking and homeostasis. To understand the role of this
START protein subfamily, we will discuss the properties and proposed functions of
its members.

STARDA4: Cholesterol Trafficking Among Intracellular Organelles

STARD4 is widely expressed in a variety of tissues [51] and was detected by im-
munohistochemistry in human hepatocytes and Kupffer cells [52]. The subcellular
localization of STARDA4 is difficult to ascertain. As a soluble cytoplasmic protein
with no obvious targeting motif, it may be distributed throughout the cytoplasm.
Immunolocalization requires permeabilization of cells with detergents, which can
release many cytoplasmic proteins even in fixed cells and can also disrupt the mem-
branes to which a protein such as STARD4 may bind. It has been reported that
STARD4 can be seen associated with the ER by immunolocalization [52], but the
fraction that is associated with the ER in the intact cell is difficult to determine.

Several lines of evidence, both in cells and in vitro, show that STARD4 can
transfer cholesterol efficiently. STARD4 can transfer sterol between liposomes in
a process that depends on the composition of the donor and acceptor membranes
[7]. Analysis of the STARD4 surface revealed a region enriched in basic residues
near the sterol-binding pocket that facilitates STARD4’s interaction with negatively
charged membranes [7]. Mutations in the basic patch markedly decreased the sterol
transfer rate of STARD4, indicating that the interaction with anionic lipids is re-
quired for maximal activity. This finding is of particular interest since the cytoplas-
mic leaflets of the PM, the ERC, and ER are highly enriched in anionic lipids, par-
ticularly phosphatidylserine [54]. Additionally, the sterol transfer rate of STARD4
was increased by threefold when acceptor liposomes were enriched in unsaturated
lipids [7]. Since the ER is more highly enriched in unsaturated lipids than other
organelles [55], STARD4-mediated delivery of sterol to the ER could be enhanced
by the abundance of unsaturated lipids.

Several experimental results support the hypothesis that STARD4 plays an im-
portant role in delivery of cholesterol to the ER. In studies with isolated micro-
somes, cholesterol esterification by ACAT1, an ER enzyme, is stimulated by pu-
rified STARD4 [52]. Overexpression of STARD4 in mouse hepatocytes leads to
an increase in cholesterol esterification by ACAT [52]. The role of STARD4 in
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transporting cholesterol to the ER is further supported by a recent study of STARD4
in U20S human osteosarcoma cells [7]. STARD4 overexpression increased choles-
terol ester levels. STARD4 silencing by small interfering RNA (siRNA) attenuated
cholesterol-mediated regulation of SREBP-2 activation, while STARD4 overex-
pression amplified sterol sensing by the SCAP/SREBP-2 proteins in the ER. Si-
lencing STARD4 increased the cellular cholesterol levels, presumably as a result
of the slower delivery of cholesterol to the ER. Interestingly, this effect of reduced
STARD4 expression on cholesterol levels could be reversed by microinjection of
methyl-B-cyclodextrin, a cyclic sugar that nonselectively exchanges cholesterol
among membranes. These data suggest that delivery of cholesterol to the sterol-
sensing membranes of the ER is an important function of STARDA4.

STARD4 also plays a role in sterol transport to other organelles. When U20S
cells are incubated with the fluorescent sterol, DHE, the ERC is the major intracel-
lular organelle that is labeled [6]. Fluorescence recovery after photobleaching the
ERC allows measurement of the rate of transport of DHE back into the ERC, and
overexpression of STARD4 significantly increased the transport of DHE into the
ERC [7]. Knockdown of STARD4 in HepG2 cells resulted in decreased sterol trans-
port to the ERC as well as reduced ER-associated cholesterol and cholesterol esters
[8]. Again, microinjection of methyl-B-cyclodextrin into the cells had a similar ef-
fect to overexpression of STARD4. Transient expression of STARD4 in Cos-1 cells
resulted in an increase in steroidogenesis though at a lower efficiency than StAR
and STARD3 [53, 56], suggesting that STARD4 may be able to deliver cholesterol
to mitochondria. This indicates that there may be some overlap in the function of
the StAR sterol transporters.

Increased cholesterol transport to the ER may result in ER stress. While it is
well established that STARDA4 is transcriptionally regulated by SREBP-2, STARD4
mRNA was also found to be increased following transient treatment with tunica-
mycin, a small molecule activator of ER stress [53, 57]. While the functional rel-
evance of increased STARD4 mRNA following ER stress is unknown, transient
increases in STARD4 under disease conditions associated with ER stress may affect
cholesterol homeostasis by increasing cholesterol delivery to the ER, which would
increase both SREBP-2 processing and cholesterol esterification.

Recently, a homozygous STARD4 knockout mouse has been described [58]. In-
terestingly, STARD4 knockout mice develop normally and do not present with a
distinct lipid phenotype; plasma and hepatic lipid profiles of STARD4 knockout
mice were similar to wild-type mice. Female STARD4 knockout mice did have de-
creased phospholipid and cholesterol content in their gallbladder [58]. Statin treat-
ment did not alter the hepatic or plasma lipid profiles of wild-type or STARD4
knockout mice. The mRNA levels of various START proteins were not significantly
altered in STARD4 knockout mice, indicating that expression of other START pro-
teins is not responsive to loss of STARD4 [58]. This likely indicates that there is
redundancy for sterol transport, beyond the START family, in mammalian cells. It
remains unclear whether there are stresses—dietary or disease specific—that may
be exacerbated by loss of STARDA4.
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STARDS and ER Stress

STARDS has been reported to bind cholesterol as well as 25-hydroxycholesterol,
and it is widely expressed in a variety of tissues with the highest expression in liver
and kidney [51, 59]. In the liver, STARDS is localized solely to the Kupffer cells
[60]. STARDS does not transfer cholesterol to mitochondria in cells or in vitro [61].
Expression of STARDS in hepatocytes results in a threefold increase in free cho-
lesterol levels, particularly in the Golgi region and possibly the ER [60]. As a sterol
transporter, it has been suggested that STARDS may shuttle cholesterol among or-
ganelles [60, 62]. However, recent structural studies of STARDS have shown that it
does not bind cholesterol but rather cholic acid, a precursor in bile acid biogenesis
[63]. With this new finding, further studies will be required to identify the biologi-
cally relevant substrates of STARDS. It is reported that unlike STARD4, STARDS
overexpression does not result in an increase in cholesterol ester formation, but in-
creases free cholesterol levels, indicating distinct roles and functions for these sterol
transporters in cholesterol homeostasis [7, 59, 61]. Additionally, overexpression of
STARDS in macrophages increased SREBP2 mRNA levels, which may result in
increase in cholesterol biosynthesis [64]. It is likely that STARDS participates in
some aspect of cholesterol regulation, but its precise role is uncertain.

STARDS5 mRNA levels are increased following treatment with agents that pro-
mote ER stress, such as thapsigargin in 3T3 cells or cholesterol overloading in J774
macrophages [53, 62]. The precise function of STARDS under ER stress is not
known, but chronic ER stress is associated with several metabolic disease states
including type 2 diabetes and cancer [62, 65]. In a diabetic mouse model, STARDS
mRNA and protein steady state levels were significantly increased, and free choles-
terol levels were elevated compared to control animals [62].

STARDG: Cholesterol Transport to the Mitochondria

STARDG6 was identified as being predominantly expressed in testes and was later
shown to be solely localized to the germ lines, with highest expression in sper-
matids [51]. However, the function of STARDG in spermatids remains unknown.
Recent work has suggested a role for STARDG6 in sperm motility and quality as it
is a gene required for mitochondrial nicotinamide adenine dinucleotide hydrogen
(NADH)-dependent dehydrogenase activity [66]. This finding is in agreement with
previous reports that STARDG transports cholesterol to the mitochondria as effec-
tively as StAR and STARD?3 [46, 61]. These findings suggest that STARD6 may
function to deliver cholesterol to the mitochondria in male germ cells, but the exact
functions remains to be determined. Like the other members of the STARD4 sub-
family, STARDG lacks an organelle-targeting sequence, so further work is required
to investigate the role of STARDG in cholesterol transport to specific organelles
(mitochondria, ER, or PM) in male germ cells [42].
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The Oxysterol-Cholesterol-Binding Proteins STARD1/3

StAR and STARD3 are similar in that both START domains are selective for cho-
lesterol and are targeted to specific membrane compartments [67]. StAR is the
prototypic and founding member of the START domain protein family. StAR is
primarily expressed in the adrenal and gonads. Among the START domain family,
StAR contains a classical amino-terminal-targeting sequences that directs it to the
mitochondria [68]. Recent biochemical studies indicate that StAR may form a func-
tional complex with a cholesterol transfer channel where it facilitates cholesterol
transport from the outer to inner mitochondrial membrane [69, 70]. However, the
precise molecular mechanism for StAR cholesterol transfer across the membranes
of mitochondria is not known although various studies have provided insights into
this process. Greater details regarding the current model of StAR and its mechanism
of action can be found in Chaps. 2 and 3 as well as recent reviews [36, 44, 68].

STARD3 and Cholesterol Efflux from LE/LY

STARD3/MLN64 is a multi-pass transmembrane protein with an MLN64-NH2-
terminal (MENTAL) domain that localizes to late endosomes with the START do-
main orientated into the cytosol at the carboxy terminus [71, 72]. The localization of
MLNG64 to late endosomes has suggested a role in cholesterol efflux from this com-
partment as well as a potential role in Niemann-Pick C (NPC) disease, which has
been discussed in preceding chapters [27, 73]. NPC disease is a lipid storage disor-
der caused by mutation in either NPC1 or NPC2 that results in accumulation of free
cholesterol in LE/LY, leading to systemic and neurological disorders [20]. Briefly,
following endocytosis of LDL and generation of free cholesterol by lysosomal acid
lipase in LE/LY, NPC2 binds cholesterol and transfers it to the cholesterol-binding
domain of NPCI, a transmembrane protein in the limiting membrane of the lyso-
some. NPC1 transfers cholesterol out of the lysosome by an unknown mechanism
[74, 75]. STARD?3 has been proposed to participate in the efflux of cholesterol from
the LE/LY, but the mechanism for this is unclear [73]. It has been proposed that
STARD?3 plays a role in cholesterol transport from the LE/LY to mitochondria for
steroidogenesis [75]. However, the exact function of STARD3/MLN64 in choles-
terol trafficking remains unclear [76].

The Phospho/Sphingolipid-Binding START Proteins

This subfamily of the START protein is composed of the phosphatidylcholine (PC)-
binding STARD2 (PCTP), STARD7, and STARDI10 as well as STARD11, which
binds ceramide [42]. Of the STARD2 family, STARD2/PCTP and STARD11/CERT
have been extensively studied and reviewed [50, 77, 78]. Purified PCTP was shown
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to selectively transport PC between membranes in cells and in vitro [79, 80]. A
potential function for STARD?2 is to facilitate PC delivery to the hepatic canalicular
and alveolar membrane for incorporation into bile acids and lung surfactant synthe-
sis, respectively [81]. The crystal structure of PCTP bound to PC demonstrates the
characteristic helix-grip fold and hydrophobic tunnel of the START family. Inter-
estingly, the PC head group provides ligand specificity, and the hydrophobic tunnel
can accommodate PC regardless of acyl chain saturation [49].

STARD7 was originally identified as a transcript overexpressed in placental
choriocarcinoma cells [82]. It shares ~25 % sequence identity with PCTP and se-
lectively transfers PC but not phosphatidylserine (PS], phosphatidylethanolamine
(PE), or sphingomyelin between membranes in vitro [83]. Similarly, STARD10 was
identified as a phosphoprotein overexpressed in tumors of the human epidermal
growth factor receptor 2 (HER2) transgenic mouse [84]. Purified STARD10 trans-
fers PC and PE in vitro and in vivo but displays some ligand specificity toward PC
in comparison to PE [85].

STARD?7 and PC Distribution

A variant of STARD7, STARD7-1, was identified by protein database analysis and
was found to have an extended amino terminus that forms an amphipathic helix to
localize the protein to the mitochondria [83]. In a mouse hepatoma cell line, over-
expression of STARD7 resulted in an increase in mitochondrial PC levels while
silencing using siRNA did not alter PC levels in the mitochondria. STARD7 may
function at the cytoplasmic leaflet of the outer mitochondrial membrane to regulate
mitochondrial PC levels [83]. STARD?7 is highly expressed in proliferating cells
including lung, colon, and liver cells and may function to deliver PC for mitochon-
drial biogenesis, function, and homeostasis.

STARDI11/CERT and Ceramide Transport

STARDI11, more commonly known as ceramide transfer protein (CERT), is a ce-
ramide transport protein that acts to transport ceramide from the ER to the Golgi
[86], where it is converted to sphingomyelin and glucosylceramide [87]. Unlike the
other members of the STARD?2 family, STARD11/CERT has additional structural
domains that target the START domain to selective membrane compartments for
cellular function. CERT has an amino terminal pleckstrin homology (PH) domain, a
central Two phenylalanines in an acidic tract (FFAT) motif, and a carboxy terminal
START domain. The PH domain and the FFAT motif act to target CERT to either
the Golgi by binding of the PH domain to the phosphoinositide, PI4P, or to the ER
by interaction with the ER resident protein vesicle-associated membrane protein-
associated protein (VAP), via the FFAT motif [72]. The phosphorylation of CERT
is proposed to enhance membrane interaction by allowing the PH and FFAT motifs
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to interact with their respective membrane targets in order to position the START
domain for ceramide extraction and delivery [78, 86]. The structure of the START
domain of CERT has been determined and confirms the helix-grip fold and hydro-
phobic pocket that would facilitate ceramide binding [50].

Summary

As illustrated in Fig. 8.1, non-vesicular lipid trafficking plays an essential role in
the maintenance of cellular lipid distribution. Recent advances in biochemistry and
cell biology have led to the description of several basic properties, including the
rate of sterol transport. Unfortunately, very little is understood about the molecular
mechanisms involved in non-vesicular transport. Several proteins have been identi-
fied as sterol transporters including the START and ORP families. Of the mamma-
lian START domain proteins, the STARD1/3 and STARD4 families are involved in
sterol transport. While the biological function of StAR is well established, further
work remains to elucidate the functional relevance of STARD3/4/5/6. Interestingly,
STARD4 and STARDS have been proposed to function at the ER although with dis-
tinct roles. Knockout animals of STARD4 were viable and did not have altered lipid
profiles. However, it is possible that a phenotype following loss of STARD4 could
potentially be exacerbated by dietary or disease related stresses. The STARD2/
PCTP subfamily functions in a variety of pathways and transports several differ-
ent lipids. It is important to continue to examine START protein expression and
function in both normal and disease states in order to establish and distinguish their
biological significance in lipid homeostasis.
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